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Abstract 

A new method is presented to analyse an exothermic or endothermic process with temperature modulated differential 
scanning calorimetry. The response of exo- or endo-thermic process against temperature modulation has been directly taken 
into account in an apparent heat capacity difference of complex quantity. Utilizing the shift in phase lag between sample 
temperature and heat flow, the specific heat during the transformation process and the temperature coefficient of the 
transformation rate, e.g. crystal growth rate, are obtainable by the analysis under a reasonable assumption.The applicability of 
the present method has been examined with the experimental results of polyethylene crystallization. © 1997 Elsevier Science 
B+V. 
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1. I n t r o d u c t i o n  processes . In a short communicat ion [8], we have 
recently reported a general treatment of  quantitative 

Temperature Modulated differential scanning analysis of  the kinetics of  exothermic or endothermic 
calorimetry (TMDSC) applies a sinusoidal tempera- process, utilizing the change in phase lag between 
ture modulat ion to a conventional DSC run and ana- oscillation components  of  sample temperature and 
lyses the response in heat flow [1-3]. The technique is heat flow. In the present paper, we discuss the details 
well  established in heat capacity determination with- of  the method. In the following, we firstly introduce 
out exothermic or endothermic process [4-7], and the model  and the method to analyse the kinetics. The 
most of  the TMDSC studies has been mainly con- method is then applied to the isothermal crystall iza- 
cerned with the change in specific heat during the tion of  polyethylene.  
process such as glass transition. When exothermic and 
endothermic processes such as crystall ization and 
melting are concerned the development  of  physical  2. Mode l  
interpretation is essential to analyse the data upon the 

2.1. A fundamen ta l  equation 

*Corresponding author. Tel: +81-(0)824-24-6558; fax: +81- Firstly, we introduce a fundamental equation of  a 
(0)824-24-0757; E-mail: atoda@ipc.hiroshima-u.ac.jp, classical DTA [9] 
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Cr d(AT_____~) + AC dTs -- - K A T  d(AH) (1) in [7]. However, the significance of the consequences 
dt dt dt discussed below was not seriously considered in those 

A C  -- Cs - Cr -~ mc works. 
The coefficient, (-~r)t0v`' of the expansion of 

AT -- Ts - Tr the temperature modulation 7"se i(°:t+C) of course 

where Cs and Cr represent sample and reference heat experiences a change due to the progress of trans- 
capacities,Ts and Tr sample and reference tempera- formation. Therefore, it is necessary for the 
tures, K the Newton's law constant, A H  the enthalpy following discussion to assume that the change in 
of the sample, m sample weight, and c specific heat of ( ~ )  is small enough during the time interval of the 
the sample, respectively. Following the treatment of modulation period. On the other hand, the linear 
Wunderlich et at. [4,5], we apply the above equation to response theory [ 11] claims that this expansion impli- 
TMDSC of heat flux type. Considering the fundamen- citly assumes the instantaneous response of exo- or 
tal equation of DSC of heat flux type (e.g. Mraw's endo-thermic process without retardation (Appen- 
model [10]) with the heat capacities of monitoring dix B). In general, the response of exo- or endo- 
stations of sample and reference temperatures and the thermic process against a sudden change in tempera- 
thermal resistance between the sample (reference)and ture needs some retardation time. If we take the 
the monitoring station, we have the results in Appen- retardation time into account, the response of (~T) 
dix A, which is essentially similar to the following against oscillating temperature becomes a complex 
results, quantity: see Appendix B. 

The sample temperature Ts and the tempera- 
ture difference AT are modulated in the following 2.3. Basic equation of  TMDSC 
manner, 

Ts = 7"s + 7"s ei(wt+E) (2) Inserting Eqs. (2)-(4) into Eq. (1), we obtain the 
following equation satisfied by the oscillating terms, 

A T  -~ A T  + AT"e i(wt+6) (3) 
(K + iwCr)A T"e il~t+~l 

Here, we consider the process under quasi-isother- / F__ ~ 
mal condition ( Tss constant ). The method will be also -- - i w  ~ A C  + i ~ )  Ts ei(~t+E) (5) 
applicable to the case of heating and cooling with a 
constant rate, if the rate is slow enough, where F~ is defined as, 

2.2. Basic assumption concerning the exo- or endo- F T = (6) 
to,V, 

thermic process 
We introduce an apparent heat capacity difference 

The present analysis approximates the development ACe -ic~, as defined below, 
of heat flow due to exo- or endo-thermic process after F '  
t ---- to + At applying the temperature modulation of Afe-iC~ =- A C  + i" r (7) 

w 

Eq. (2), as follows, The true heat capacity difference AC is a coefficient 
d (An)  F(t, T s ) -  ~= F(to,Tss) of heat flow response against -dT'dT while F r is the 

dt coefficient against T. For the sinusoidal modulation, 
~ 77 and Tare at right angles to each other, and hence F~. OF A t  + (OF'~ ~,sei(~t+~ ) dT 

+ -ffi-/to,~ \ O T J  to,v` is multiplied by / when translated to the value as a heat 
(4) capacity. In general, values of both AC and F~ are 

complex quantities exhibiting relaxation processes 
The applicability of the expansion about tempera- (Appendix B and Appendix C). It means that the 

ture has been implicitly postulated in the original two types of relaxation processes coexist in the present 
works of Reading [1-3], as is mentioned and outlined system. 
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For the convenience of calculation, we define ACo mined by subtracting (e-6)o of Eq. (13) as a baseline 
as, from (e-6)  of Eq. (11), 

KAT" a : (e - 6) - (e - 77)0 (14) 
&Co - (8) 

a;7"s If we are able to assume that AC and F~. are 
where KAT" is proportional to the amplitude of modu- constant and real, we can obtain the true heat capacity 
lated heat flow. The value of AC0 can be directly difference AC and the temperature dependence of the 
determined from the TMDSC run, and was originally exo- or endo-thermic heat flow, F~., from AC and a 
supposed to express the true heat capacity difference determined from the experimental data of ACo of 
[1]. Utilizing the expressions of Eq. (7) and Eq. (8), Eq. (10) and (e-6) of Eq. (14), as follows, 

the magnitude and phase of Eq. (5) can be reorganized AC = A(;  cosa (15) 
as follows, 

F~ = -wACsina  (16) 

ACo1 e i ( ' - ~ )  - Aci \(1 + i Cr ~ ia 
- ~-~o) e (9) This assumption requires that the relaxation and 

retardation times of the specific heat and the exo- or 
( C r ) 2  endo-thermic heat flow are much shorter (or longer) 

Acol _ A----C1 [1 + ~-u; ]1/2 (10) than the modulation period. Compared to the modula- 
tion period used in the TMDSC (>ca.30 s), the relaxa- 

7r ( _ ~ )  t i o n t i m e o f t h e s p e c i f i c h e a t i n A C w i l l b e m u c h  
( e - 6 )  = ~-+tan -1 w + a (11) shorter under the usual condition, and hence the 

assumption on AC will be justified. The assumption 
By examining the ~o dependence of ACo in on F~. is also justified in the case of polymer crystal- 
Eq. (10), we are able to determine the quantities lization, as we will see later. 
AC and (Cr/K) appearing in the right hand side of 
the equation. 2.6. Transformation Rate, R 

2.4. The case of FT/=O We consider the physical meaning of the exo- or 
endo-thermic heat flow, F. The change in enthalpy per 

When F~- ----0 in Eq. (5), the analysis of Wunderlich unit volume Ah and the total transformation rate R 
et al. [4,5] applies to the process; the phase a becomes gives us the expressions of F and F~. as 
zero in Eq. (7) and the magnitude of the apparent heat F = AhR (17) 
capacity difference A(7 equals the true heat capacity 
difference AC, F~ = A h ~  (18) 

1 , AC0 -- AC ~-aJ (12) Therefore, the ratio of those quantities gives the 
temperature dependence of In R. 

71" - 1 ( ~  ) d(lnR) F~- (19) 
(e - 6)o = ~ + tan w (13) dT -- IFL 

The condition of F~- = 0 is satisfied, if the depen- 
dence of exo- or endo-thermic process on temperature 2.7. Polymer Crystallization 
is negligible, including the case of F=0. 

Polymer crystallization, in general, can be consid- 
2.5. The case of F~¢  0 ered as the growth of spherulite or axialite formed by 

lamellar crystals. In most cases, high supercooling 
For the transformation rate dependent on tempera- (>ca.10°C) is necessary for polymer crystallization, 

ture (F~. ¢ 0), the phase a in Eq. (11) can be deter- and hence the response of the kinetics against the 
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small temperature modulation (~  ca. +0.2°C) is 100 s was examined with the modulation amplitude 
supposed to be a periodic change in growth rate, fixed at 4-0.2 K. 
while reversible crystallization and melting should 
be the case at the melting temperature. Therefore, 
the total transformation rate R can be expressed by the 4. Results and Discussion 
crystal growth rate G multiplied by the total area of 
growth face Stotal as R = GSto ta l .  Then, Eq. (17), 4.1. The case  o f  F ~ = O  

Eq. (18) and Eq. (19) are expressed by the growth 
rate, as follows, We need to confirm the applicability of the Wun- 

derlich's analysis [4,5] Eq. (12) and Eq. (13) to the 
F = AhStotalG (20) case of F~ = 0 by examining the behaviour at tem- 

dG (21) peratures where no crystallization or melting occurs. 
F~ = A h S t o t a l  d---T We have done the TMDSC measurements at 50 and 

, 160°C which is above the melting point, and at 133°C 
d(ln G ) F  r (22) without introducing crystallization after melting at dT F 

160°C; above 131 °C under usual condition, no detect- 
When AC and F~ are constant and real, we able crystallization of polyethylene occurs. There 

obtain the following relationship from Eq. (16) and were no qualitative difference among those results, 

Eq. (22), and hence we show the results only at 133°C in the 

d(ln G) wACsina  following. 1 2 
(23) Firstly, Fig. la shows the plots of (~0~  against dT F 

the angular frequency squared w 2. The" ~data points 
Eq. (23) suggests that the temperature dependence for the periods of modulation larger than 24 s are 

of crystal growth rate can experimentally be well fitted to a straight line and confirms the 
determined by the quantities in the right hand 
side of the equation, where the exothermic heat relationship of Eq. (12). From the slope and the 
flow F can be evaluated from the total heat flow of intercept, we obtain-~ and the true heat capacity 
TMDSC. difference A C ( =  AC). The deviation of the values 

of A C  ~-- mc  at each temperature was within several 
percent from the values reported by Gaur and 
Wunderlich [ 13]. Concerning the systematic deviation 

3. Experimental  from the linear relationship at higher frequencies 
in Fig. 1, it is mainly due to the failure of temperature 

The DSC 2920 Module controlled with Thermal control at such high frequencies of modulation, 
Analyst 2200 (TA Instruments) was used for all which is apparently seen in the Lissajous diagram 
measurements.The raw data were transferred by a of Fig. 2. 
TA RMX Utility to calculate the phase lag (e-6)  from Secondly, Fig. 1 b shows the w dependence of the 
the raw data of modulated sample temperature and of phase lag (e-6)0. In Fig. 1 b, tan -1 ( ~ )  is also 
modulated heat flow. The value of ACo was obtained plotted, using the value of cr determined from the T 
by setting the calibration constant of heat capacity as linear fitting in Fig. 1 a. Fig. 1 b also shows the 
unity. The sample was a fractionated polyethylene resultant excess of phase delay ~b0 = ( e -  6)0 
(PE-A: NIST SRM1483, Mw=3.21× 104 and Mw/Mn - tan-1  (~.o)~ which should vanish ifEq. (13)is exact. 
= 1.11) or an unfractionated one (PE-B: NIST The excess phase delay can be fitted to a straight line 
SRM1475, Mw=5.2× 104 and MJMn =2.9). The sam- for smaller w, and hence the phase delay may be 
pies with weight of 1-7 mg were examined. It was approximated as tan -1 (w~'0), where the time 7-0 is 
confirmed that there was no qualitative change by the about 2-3 s. Appendix A shows that the excess phase 
sample weight in this range. The mode ofTMDSC run delay of this type is expected from more general 
was basically quasi-isothermal, modulation around a equations of DSC of heat flux type. Such a phase 
constant temperature. The modulation period of 20-  delay can also be incorporated by assuming a complex 
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Fig. 1. Plots of (a) (~co) 2 against aJ 2 and (b) (~ -  6)0 (O) ,  tan -1 (-~co) ( i )  and 0o ( A )  against w. The modulation periods were 20, 24, 28, 36, 
44, 52, 72 and 100 s. Temperature was quasi-isothermal at 133.0°C after melting at 160.0°C. The sample was PE-A of 3.28 mg 

value of  the Newton's law constant K [ 12]. The actual 4.2. A typical raw data of  isothermal crystallization 
phase lag (e-6)o is then expressed as follows, instead of PE: F ~ ¢  O. 
of  Eq. (13), 

71" ( C r )  Fig. 3 shows a typical TMDSC data of  F, AC', and 
(e - 6)0 = ~ + tan -1 ~ - ~  + 4~0 (24) (e -5)  during isothermal crystallization. Following the 

crystallization the rate of  which shows a maximum in 
where ~b0 = tan-l(wT0), the exothermic heat flow F, we can confirm the 

From the above discussions, we can conclude that increase in A C  up to a maximum followed by a 
Eq. (12) and Eq. (24), which were originally derived gradual decrease. We will discuss below whether it 
by Wunderlich et al. [4,5], well explain the TMDSC is due to the change in the true heat capacity A C  or 
data in the case of  F~ = 0, if we introduce the not. From Fig. 3, it is also clearly seen that the 
instrumental phase delay ~o in Eq. (24). In the follow- progress of  the change in phase lag (e -5)  is quite 

Cr ing discussion, we use the value of  ~- obtained at similar to that of  exothermic heat flow F; we will also 
133°C in order to convert the data of  ACo during the discuss the point below. It should be noted that the 
isothermal crystallization at 125-130°C to A C  by oscillating magnitude of  2w component in the raw data 
Eq. (10). of  modulated heat flow was negligibly smaller (< ca. 
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Fig. 2. Lissajous diagrams of T, against cos at. The periods of temperature modulation are indicated. Temperature was quasi-isothermal at 
50.0°C. The sample was PE-B of 4.01 mg. 

1%) than that of  w component, and hence we can can confirm that the progress of  crystallization is not 
justify the present analysis within the framework of  affected by the change of  modulation period. Fig. 5 
linear response, at least in the case of  polyethylene shows the real and imaginary parts of  A C e  -ic~ calcu- 
crystallization, lated from ACo and c~ shown in Fig. 4 b and c. It is 

clearly seen that the imaginary part is quite smaller 
4.3. o~ dependence o f  A C e  -ia than the real part, while the w dependence of  the 

imaginary part is large. 
We examine the frequency dependence of  A C e  -ia In order to examine the frequency dependence, we 

during crystallization, in order to confirm that A C  and plotted the data of  the real and imaginary parts at 
F~. in Eq. (7) can be approximately considered con- 128.0, 127.5 and 127.0°C against ~v and { in Fig. 6 a 
stant and real for polyethylene crystallization with the and b, respectively; we consider the data at each 
modulation period used in the standard TMDSC (> ca. temperature represent the same degree of  crystalliza- 
20 s). We crystallized the sample by cooling at a very tion irrespective of  the modulation periods. Fig. 6a 
slow rate of  0.01°K min - ]  in the temperature range shows that the real part stays almost constant, while 
130-126°C at several modulation periods of  24-100 s the imaginary part in Fig. 6b is proportional to {. 
(Fig. 4); we assume that the present method is applic- Therefore, we can practically consider that A C  and 
able to such a slow cooling rate of  TMDSC run. From F~- in Eq. (7) are constant and real and hence the real 
the change in the exothermic heat flow in Fig. 4a, we and imaginary parts of  A C e  -ia represent A C  and ~ ,  
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Fig. 3. A typical TMDSC results of polyethylene crystallization: (a) the exothermic heat flow F, (b) AC" and (c) phase lag (e-6). Temperature 
was quasi-isothermal at 127.5°C. The sample was PE-A of 1.71 mg. 

respectively, (Eq. (15)and Eq. (16)), for polyethylene plotted the sequences of A(~ and AC for different 
crystallization with the modulation periods of 20- modulation periods during isothermal crystalliza- 
100 s. tion.The crystallization is relatively fast at the tem- 

perature and hence the contribution of F r becomes ~T 
4.4. The correction of  AC = AC cosa large. Under the condition, the curve of AC in Fig. 7 a 

exhibits an apparent peak following the peaks in F and 
The requirement of the correction of AC = AC cos (e--6). The peak is only apparent when w is sufficiently 

c~inEq. (15) is well demonstrated in Fig.(7) where we small, in other words when the imaginary part ~ of 0d 
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Fig. 4. TMDSC results of polyethylene crystallization: (a) the exothermic heat flow F, (b) AC" and (c) ~, taking the value of (e-6)o at 129.5°C. 
AC is normalized by the value at 129.5°C. The modulation periods were 24, 36, 52, 72 and 100 s. Temperature was cooled down at 0.01°K/ 
min from 130.0 to 126°C after melting at 160°C. The sample was PE-B of 3.06 rag. 

Eq. (7) is sufficiently large. The plots of AC shown in capacity of the sample is expected to change due to 
Fig. 7b, on the other hand, are on a single master curve the increase in the degree of crystallinity. By the 
without the peaks. Avrami plot of both AC and the degree of crystallinity 

The true heat capacity difference A C  ~-- m c  in determined from the integration of F, we can confirm 
Fig. 7b shows an increase up to a maximum and then that the increase in AC up to the maximum corre- 
a gradual decrease, following the progress of crystal- sponds to the change in the degree of crystallinity 
lization as stated in Section 4.2. The overall heat (Fig. 8); both the plots give the same Avrami constant 
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Fig. 5. Plots o f  the (a) real and (b) imag ina ry  parts  of  A C e  -i~ calcula ted f rom AC'  and  c~ shown in Fig 4b  and c. 

3.4. This conclusion means that the specific heat of in the vicinity of the peak of exothermic heat flow, 
crystals is larger than that of the melt at the crystal- namely during the linear growth of spherulites or 
lization temperatures which are not far from the axialites. 
melting point. Such an inverted relationship near We notice the systematic deviation o f ~  of (i) in 
the melting point has already been reported by Gaur Fig. 9 b from its mean value in the later stage of 
and Wunderlich [ 13]. By the present experiments, it is growth, which must be due to the shift in the baseline 
found that the specific heat of crystals gradually of sin c~ in Fig. 9 a. The shift is quite small (a few 
decreases by the passage of time. The decrease in degrees) but definite. Such a trend can also be seen in 
AC continues after the completion of crystallization, Fig. 4 c. As discussed in Appendix C, the shift will be 
and hence it will be due to an annealing effect in the due to the imaginary part of the specific heat, which 
crystals, we have neglected in the above discussion; the effect 

was not appreciable in the analysis of Section 4.3 
_~.4 d(lnG) 4.5. FIT . . .  ~ because we were concerned with the data in the 

vicinity of the peak of exothermic heat flow. The 
Fig. 9a shows the plots of sin a overlapped with existence of the imaginary part of the specific heat 

the exothermic heat flow F for a typical TMDSC data with such long modulation periods of 24-100 s must 
of isothermal crystallization. It is clearly seen that sin be related to the gradual decrease in the specific heat 
c~ traces theprogress of Fexcept for the later stage. If of crystals shown in Fig. 3 b (or Fig. 7 b); both the 

d(In G) we plot W determined from Eq. (23), the result of behaviours require freedom of very slow motion 
. . .  d(lnG) (i) in Fig. 9 b shows mat ~ keeps a constant value which may be related to the process of iamellar 
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thickening activated near the melting point in the At several crystallization temperatures, we have 
crystals, obtained the constant values of the corrected don G) dr 

Following the method introduced in Appendix C, in the linear growth region. The results are plotted in 
we set a new baseline which follows the change in the Fig. I I b with the results of  the direct measurements 
degree of  crystallinity determined by the integration of  of  linear growth rate by optical microscopy [ 14]. Both 
the exothermic heat flow, as shown in Fig. l 0 a. The the results agree with each other well and confirm the 
result of  the subtraction is shown in Fig. 10 b; sin cg validity of the present method. 
traces the progress of  F in the whole range of  the data. 
The plots of  the corrected ~ are shown in Fig. 9 b 
as (ii), which keeps a constant value in a wider range 5. Conclusions 
of  crystallization time. The temperature dependence 
of  growth rate, ~ ,  of  (ii) still shows a small We examined the contribution of  exo- or endo-  
deviation from the mean value in the later stage of  thermic process to TMDSC by analyzing the funda- 
growth. The deviation means a stronger dependence mental equation of  DSC of heat flux type. The effect of 
on temperature and will be due to molecular weight exo- or endo-thermic process has been considered, 
fractionation in the later stage, introducing an apparent heat capacity difference 
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Fig. 7. Time sequence o f  (a) A C  and (b) z3C = AC" cos c~ during quasi-isothermal crystallization at 126.5°C. The periods o f  temperature 
modulation are 36 (O) ,  52 (E3), and 72 s (Zx). The sample was PE-A o f  1.71 mg. 

A C e  - ia  which comprises bf two different relaxation smaller magnitude of exo- or endo-thermic heat flow F 
processes: the specific heat of sample as a coefficient itself. 
of ~ in the response of heat flow and the temperature Experimentally, the present model has been suc- 
dependence of exo- or endo-thermic heat flow, F~., as a cessfully applied to polyethylene crystallization. 
coefficient of T. The complex quantity of the apparent Firstly, we have examined the analysis of Wunderlich 
heat capacity difference is related to the change in the et al. [4,5], which is the basis of the present model and 
phase lag between oscillation components of sample is applicable to the case of F~- = 0. We have seen that 
temperature and ofheat  fl0w by Eq. (11), Eq. (13) and Eq. (12) and Eq. (24) derived from the analysis well 
Eq. (14). It has been sho~vn that the specific heat and explain the TMDSC data in the temperature range 
F~ can be determined from the experimental data, if without melting or crystallization, if we introduce the 
the imaginary parts of the specific heat and F~ are instrumental phase delay 6o in the phase lag and if the 
negligibly small, temperature control of the furnace is satisfactory. 

The present analysis guarantees that we are able to Secondly, we have applied the present analysis to 
treat the apparent heat capacity difference At~ as the polyethylene crystallization from the melt. It has been 
true difference AC, if the deviation of (~-6) from its confirmed that the imaginary parts of the specific heat 
baseline (e -6)0 is negligible; the smaller deviation and of F~- are negligibly small in the case of poly- 
(the smaller c~ in Eq. (7)) only means the weaker ethylene crystallization with the modulation period of 
dependence of the transformation rate on temperature 20-100 s; we can assume that AC and F~ in Eq. (7) 

u3 

(the smaller F~-) and' does not necessarily mean the represent the real and imaginary parts of ACe -ia, 
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Fig. 8. Plots of (a) the time sequence of AC overlapped with the integration of F and (b) their Avr~.mi plots during quasi-isothermal 
crystallization at 127.5°C. The value of X in (b) is either A C normalized by the maximum value or the integration of F normalized by the final 
value. The period of temperature modulation was 52 s. The sample was PE-A of 1.71 mg. 

respectively (Eq. (15) and Eq. (16)). The appearance gelation, etc. It has been reported that the melting of 
of a peak in AC of Fig. 7 a demonstrated the impor- poly(ethylene terephthalate) crystals shows quite large 
tance of the correction of Eq. (15). It has also been peaks in the magnitude of the apparent heat capacity 
shown that the temperature dependence of crystal difference A(? and in the phase lag (e-b) [3]. The 
growth rate ~ can be determined by taking the melting of polyethylene is also followed by a large 
ratio of F~ and the exothermic heat flow F (Eq. (23)). peak in A(? [15]. Those peaks will be relevant to the 
The obtained dependence shown in Fig. 11 b well strong dependence of melting rate on temperature and 
agrees with the values determined from the direct to the relaxation process of melting, the retardation 
measurements of the linear growth rate by optical time of which is comparable to the modulation period; 
microscopy. This method has a great advantage corn- the details of the crystallization and melting of poly(- 
pared to more indirect method e.g. plotting the half ethylene terephthalate) will be the subject of a forth- 
time of crystallization, r0.5, against temperature, coming paper. 

The present method will be applicable not only to Finally, it is noted that the temperature modulation 
polymer crystallization but also to a wider range of using conventional DSC has a lower limit of the period 
exo- and endo-thermic processes, e.g. polymer melt- (ca.20-30 s for the amplitude of +0.2°C) below which 
ing, chemical reaction including epoxy cure, polymer the temperature control of the furnace fails. In order to 
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Fig. 9. Time sequences of (a) sin(c~) and (b) ~ overlapped with the exothermic heat flow F during quasi-isothermal crystallization at 
dlnG 127.5°C. Eq. (23) determines ~ of (i) and (ii) from the experimental data of sin(c0 shown in Fig.9a and sin(cd) in Fig. 10b, respectively, The 

periods of temperature modulation was 52 s. The sample was PE-A of 3.28 mg. 

examine the frequency dependence of the relaxation Appendix A 
of AC and F~, the range of frequency is not suffi- 
ciently large; this is the reason why we could assume Mraw's  model of DSC of heat flux type [10] 

that AC and F~- are constant and real for polyethylene Considering the heat capacities of monitoring sta- 
crystallization within the range of modulation period tions of sample and reference temperatures, Cm, and 
of 20-100 s. In order to examine the retardation time the thermal resistance between the sample (reference) 
of crystallization or melting, we may need other and the monitoring stations, 1/K', we have the follow- 
techniques such as AC calorimetry or a new technique ing equations of DSC of heat flux type [10] 
of Light Heating Dynamic DSC [12,16] which can 

dTs 4- d(AH) (A. 1) provide a wider range of frequency and especially K'(Tsm - Ts) = C s ~ -  dt 
extend to higher frequencies. 

dTsm 
K ( T b -  Tsm) = C m - ~ 4 - K  ( rsm-Ts)  (A.2) 

A c k n o w l e d g e m e n t s  dY~ 
g t ( T r m  -- Tr) = Cr-- ~ -  (A.3) 

This work was partly supported by a Grant-in-Aid 
for Scientific Research from the Ministry of Educa- K(Tb - Trm) = C dTrm , 
tion, Science and Culture of Japan and by NEDO m - - ~ 4 - K  (Trm- Tr) (A.4) 

International Joint Research Program. where Tsm, Tn-, represent the monitored sample and 
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Fig. 10. Time sequences of (a) (~ - 6) and (b) sin(c~') overlapped with the exothermic heat flow F for the same experimental data as in Fig.9. 
The new baseline following the change in the degree of crystallinity, A? (t), is plotted in (a). 

reference temperatures, respectively, and Tb the block Appendix B 
temperature. We have assumed the symmetrical 

construction of the sample and reference sides. For The response of exo- or endo-therrnic process as a 
the sinusoidal modulations of the monitored sample complex quantity 
temperature Tms(= Tins + Tms ei(aJt+c~) ) and of the 

monitored temperature difference AT,~(= AT m Following a step wise change in temperature, the 
+ATmei(~°t+e~)), the relationship corresponding to exo- or endo-thermic heat flow, in general, responds 
Eq. (5) is expressed as follows, with retardation, as shown in Fig. 12. If we can apply 

E[K + ia;(C~ + Cm)]AT"me i(~t+~) the principle of superposition to the process, the 
response of exo- or endo-thermic heat flow F(t) is F '  = -ia;(AC+ i'-~)Tms ei(~t+~') (A .5 )  expressed as, 

1' E ---- (1 --K7 iw~') F(t) - F(-oo) = ~ S(t - t')dF 

I _K÷i~C~_ _] f t  ,.dFdT , 
• {1 + iw~, K + i w ( C r + C m ) j  } (A.6)  = S ( t - t ) - - ~ - ~ d t  (B.1) 

Compared to Eq. (5), it is apparent that the excess where S(t) represents the normalized response func- 
phase delay ~o in Eq. (24) is derived from the factor tion. Against a sinusoidal temperature modulation, 
E in the above equation, the coefficient of the response becomes a complex 
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Fig. 11. Plots of (a) linear growth rate, G, of polyethylene spherulites or axialites against temperature and (b) the temperature dependence ~ .  
The experimental data (0) are the results of direct measurements by microscopy [14]. The TMDSC results (O) were determined by Eq. (23), 
utilizing Eq. (C.5). The period of temperature modulation was 24 or 32 s. 

quantity, as follows, In the case of  the instantaneous response of  7-=0, 
the coefficient is given by OF (~)r0, and we obtain the 

T = To + l"e i~t (B.2) expansion of  Eq. (4). 

F ( t )  - F ( - c x ~ )  =_ Tei"~t(f l - if2) 

_ ~eia:t O F  S(0 )+  e-iWZdz (B.3) Appendix C 
- ~r0 

As the simplest example, we assume the following Complex  quantit ies of  A C  and F~- 
form of the normalized response function S(t),  

If  we express A C  and F~. as complex quantities, 
S( t )  = 1 - e - t /~ (B.4) 

Eq. (7) becomes, 
where r is the retardation time. Then, the real and 

A C  = m~e  -i7 (C.1) 
imaginary parts of  the coefficient fl  - if2 in Eq. (B.3) 
becomes, F~ = F're  -i¢ (C.2) 

( O F )  (1 iw'r ~ (B.5) - 
f] - if2 = - ~  To 1 + i w ' r /  ACe-iC~ : m?e-i'~ q- i~'T (C.3) 
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isothermal crystallization. 

1 ] [  ..__ If  we measure the difference of phase lag from the 
baseline at t=0,  we do not obtain the true cd because of 
the change in 7, as schematically shown in Fig. 13. In 
order to determine the true cd, we must consider the 

t change A3,(t ) proportional to the degree of crystal- 
Fig. 12. A schematic time sequence of the response of exothermic linity x(t) which can be evaluated from the integration 
heat flow F to a step wise change in temperature T with the of the exothermic heat flow. 
normalized response function S(t). In general, it is impossible to determine the phases 

and amplitudes of  ce  -i'7 and/UTe i~ from the experi- 
Hence, when F~ = 0, 3' is added to (c-6)0,  mentally obtainable values of  A(7 and cd. However, if 

- 3' << 1, we have the following expansion, 
(e - 6)0 = ~- + tan -1 + 3' + <b0 (C.4) #' 

A C e  -icd = m ~  + i"  r e - i ( (  -~) (C.8)  

The deviation of the phase lag ( e -6 )  from the baseline w 
(e-6)o  is then expressed as, /U r ~t 

m ~ +  ( ( - - ' 7 )  + i" r 
~' - ~ - -y  = ( ~  - 6 )  - ( ~  - 6 ) 0  ( c . 5 )  ~ 

- /  

Therefore, if 3@ 0, we obtain the difference a - - y  m? = A C c o s a  / F r  (C.9) 
instead of ct itself from the experimental data of the cc(~ - 3') 
phase lag. The phase 3' undergoes a change during the - ,  
transformation process such as crystallization because F T = - ~ A C  sinat (C.10) 
the specific heat of  sample changes as, Therefore, we have the expression of F~ similar to 

mce  -i'~ = m[x(t)cse -i'~ -b (1 - x ( t ) ) ~ l e  -i'Y'] Eq. (16). When the specific heat in Eq. (C.9) is con- 
cerned the contribution of ~ ((  - 7) may be respon- 

(C.6) sible for the small change in the real part of  A C e  -icd 

where the subscripts of  s and 1 represent the quantities shown in Fig. 6a. 
of  solid and liquid, respectively, and x(t) the degree of 
crystallinity. Here, if % and 71 are small enough, "y in 
Eq. (C.6) can be approximated by the following, References  
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