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The non-isothermal crystallization from the melt of the poly(hydroxy ether of bisphenol-A)/poly(e-caprolactone) 
(PH/PCL) miscible blend was studied. Cooling rates between 0.31 and 20~C rain -l were used. At a given 
cooling rate, the presence of PH reduces the overall PCL crystallization rate. For a given composition, the 
crystallization process begins at higher temperatures when slower scanning rates are used. The experimental 
data analysis shows agreement with both Ozawa and Avrami treatments, and agrees quite well with the 
theoretical results obtained using the Ziabicki method. Non-isothermal crystallization results of PH/PCL 
blends are compared with those reported in a previous paper studying the isothermal crystallization for the 
same system. Copyright {'; 1996 Elsevier Science Ltd. 
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INTRODUCTION 

The final properties of semicrystalline polymers depend 
to a great extent on the crystallinity degree, which in turn 
is affected by the crystallization conditions. Therefore, 
the investigation of the kinetics of crystallization has a 
considerable practical significance. Moreover, kinetic 
crystallization treatments can be used to elucidate the 
mechanism of nucleation and growth in polymeric 
crystals, which is without doubt of great theoretical 
interest. 

Isothermal crystallization measurements are usually 
used to study the crystallization behaviour of materials 
since their theoretical analysis is relatively easy. The 
treatment of dynamic crystallization data, in which 
the samples are observed at a constant cooling rate, 
is theoretically more complicated ~ although very 
important, since this type of crystallization approaches 
more closely the industrial conditions of polymer 
processing such as extrusion, moulding, melt-spinning 
of synthetic fibres among others, and is therefore of great 
practical importance ~ . 

Numerous studies have been reported concerning the 
different effects observed during the isothermal crystal- 
lization of polymers. The number of publications dealing 
directly with a quantitative evaluation of the kinetic 
parameters for non-isothermal crystallization is com- 
paratively low, although in recent years the interest in 
this subject has increased considerably. However, to our 
knowledge, very few papers have dealt with dynamic 

* To w h o m  cor respondence  should  be addressed  

crystallization kinetics of polymer blends, despite the 
fact that nowadays most plastic materials comprise a 
mixture of several polymers. Of the existing studies, 
some deal with binary 4 blends of polyethylene with 
isotactic polypropylene (iPP) and with polyethylene 
of different densities 5'6. Also, Martuscelli et  al. have 
reported the crystallization during cooling of binary 
blends of polyT(ethylene oxide) (PEO) with poly(methyl 
methacrylate) (PMMA) and with poly(vinyl acetate) 8 
(PVAc). Recently, Hong et  al. 9 have investigated the 
effect of a thermotropic liquid crystalline polymer on the 
dynamic crystallization of poly(phenylene sulfide) (PPS), 
and finally, Herrero and Acosta have investigated not 
only the non-isothermal kinetics of binary blends of PEO 
with polyphosphazene (PPz) and poly(epichlorohydrin) 
(PECH), but also those corresponding to the ternary 
system PEO/PPz/PECH. 

The crystallization behaviour in blends is influenced 
not only by the thermal treatment, as in the case of 
homopolymers, but also by the degree of compatibility 
between their components, as well as by their relative 
amounts• Focusing our attention on the blend to be 
studied, in the literature it has been found that blends of 
poly(bydroxy ether of bisphenol-A)/poly(e-caprolactone) 
(PH/PCL) j exhibit a single glass transition 
temperature 1 13, and the polymer polymer interaction 
parameters calculated through melting point 
depression ~2~4~5 and inverse gas chromatography 
measurements t6 are in all cases negative. These 
observations indicate the miscibility between the 
amorphous polymer PH and the crystalline PCL at 
all temperatures and compositions studied. In a 
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previous paper”, the crystallization of PCL and its 
mixtures with PH was studied through isothermal 
methods. Here. we present the non-isothermal 
crystallization behaviour of PH:PCL blends and the 
influence of composition and cooling rate on the 
kinetic parameters of PCL. Using these results as a 
starting point. the non-isothermal crystallization 
process is analysed by means of several kinetic 
equations proposed in the literature. The results are 
compared with those obtained by conventional isothermal 
methods. 

EXPERIMENTAL 

The samples used throughout were prepared with 
puritied PCL (purchased from Polysciences) with 
Tg = 313 K and M,, = 17 600 and PH (supplied by 
Union Carbide) with 7;: = 36X K and M,\ = SO 700. 
The preparation method has been reported in ;I previous 
paper describing the isothermal crystallization of PH /PCL 
blends”. 

The non-isothermal crystallization studies were 
carried out using a Perk&Elmer DSC-2C differential 
scanning calorimeter. Temperatures obtained in d.s.c. 
experiments must be corrected due to the thermal lag 
originated either in the samples or in the instrument 
itself” I”. In our case, the former was minimized by 
using stnall masses of sample material (< IOmg). 
Furthermore, in order to enhance the thermal contact 
between the sample and the heat source. the samples, in 
the form of films. were previously melted to adopt the 
shape of the aluminium sample pan. The late] 
corrections involve ;I calibration of the temperature 
scale, usually by reference to the melting point of a very 
pure substance. In our case. we used pure indium 
(7;, = 156.78’ C) and n-dodecane of chromatographic 
quality (7;,, = -9.3 C) as standards. Several scans were 
realised with these compounds at the cooling rates 
employed in our study. Finally, the temperatures 
obtained from non-isothermal crystallization were 
corrected for each scanning rate used because it is well 
known that the temperature indicated by the instrument 
and the actual one change on changing the scanning rate 
employed. 

The samples were heated to 400 K and after IO min at 
that temperature they were cooled using different and 
controlled cooling rates between 0.31 Cmin ’ and 
20 C min ‘. The exothermic crystallization peak was 
then recorded as a function of time (or temperature). 
and the relative degree of crystallinity as a function of 
time (or temperature) was obtained from the integra- 
tion of this exotherm, considering the origin of the time 
scale to be the point where the d.s.c. trace begins to 
deviate from the baseline. Operations were carried out in 
nitrogen. 

CRYSTALLIZATION ANALYSIS 

isothermal processes. the following equation has been 
derived: 

log{ In 1 ~~ x'(t)] } = log K( 7' ! II log .-I (1) 

where X(r) is the fraction of material crystallized at 
temperature T. ,-I is the cooling rate. K(T) is the cooling 
function and II is the Avrami exponent. Studying the 
process at different cooling rates 
log{ - ln[l - X(t)]} ‘ g 

and plotting 
n dinst log :j at a given temperature, 

if the Ozawa method is valid. a straight line should be 
obtained, and K(T) and II are determined from the 
intercept and slope, respectively. 

Another approach used in the literature to describe the 
non-isothermal crystallization process consists of apply- 
ing directly the Avrami analysis to the data obtitined 
from the non-isothermal 
gr:tms”‘.” 

crystallization thermo- 

l’(1) = 1 ~ expj-KJ”) (31 

Using equation (2) in double-logarithmic form, and 
plotting log{ ~ ln[ 1 - X(r)]} against log l for each 
cooling rate. one straight line is obtained, from which 
values ofthe two adjustable parameters, K,, and II. can be 
found. It must be taken into account that in non- 
isothermal crystallization. the values of II and K,, do not 
have the same physical significance” 21s in the isothermal 
crystallization due to the fact that under non-isothermal 
conditions the temperature changes constantly. This 
affects the rates of’ both nuclei formation and spherulite 
growth since thev are temperature dependent. ln this 
case. II and K,, are two adjustable parameters to be 
fitted to the data. Although the physical meaning of II 
and K,, cannot be related in a simple way to the 
isothermal case, the use of equation (2) provides 
further insight into the kinetics of non-isothermal 
crystallization. 

A third method, so-called ‘proportional expansion’. was 
developed by Ziabicki’,2’,2’ who obtained several kinetic 
equations describing the non-isothermal processes by 
extending the general phase transformation’” ” KAE 
theory. This theory leads to the following well known 
equation: 

,1.(f) = 1 -- exp[-E(l) (3) 

If the overlapping of crystals is neglected, E(I) is the 
total volume of growing grains which have been 
nucleated at some instant in time. .Y < I. The analysis of 
the crystallization kinetics is reduced to ;I calculation of 
E(t) in equation (3). After following the treatment 
proposed by Ziabicki, equation (4) has been derived for 
E(1): 

To study the kinetic parameters of non-isothermal 
crystallization processes. several methods have been 
applied. 

The Avrami equation describing the isothermal 
crystallization has been extended by Ozawa”’ to the 

where E(s) is the history of external conditions. which in 
our case is the thermal history T(X), .Y is the current time, 

non-isothermal crystallization process. Assuming that II,. (12. are the coefficients of the series which are time 
non-isothermal crystallization is the result of infinite dependent Llnd depend not only on the half-period f,, !. 

3340 POLYMER Volume 37 Number 15 1996 



Crystallization of PH/PCL blends. R. de Juana et al. 

but also on the ~-dependent nucleation rate and m : 

m = n + 1 for homogeneous nucleation 

m = n for predetermined nucleation 

n being the number of growing directions. 
Ziabicki considers 22 that, under quasi-static con- 

ditions, the first term of  the series (proportional 
approximation, PA) combined with empirical con- 
stitutive relations for to. 5, offers a good approximation 
to interpret the crystallization processes when the 
samples are subjected to a function of some time- 
dependent parameter, such as the temperature. Thus, 
knowing the dependence of temperature with time, the 
Ziabicki treatment has been checked by employing the 
following equation: 

E(t) = In 2 (5) 
0 

After calculating the E(t) values using equation (5), 
those of the relative degree of crystallinity can be 
obtained by substituting the Eft) values in equation 
(3). The X(t) values obtained in this way can be 
compared finally with the experimental ones. 

RESULTS AND DISCUSSION 

From the typical thermograms obtained from the non- 
isothermal crystallization measurements, the time 
required by the sample to crystallize, At, i.e. the width 
of  the time interval during which phase transition takes 
place, the temperature at which the maximum of the 
peak occurs, Tp, as well as the relative crystallinity as a 
function of time, X(t), can be determined, 

Changes of the crystallization peak temperatures of 
pure and blended PCL as a function of the PH content at 
different cooling rates are shown in Figure 1. At a fixed 
PH level, the crystallization peak temperature decreases 
with increased cooling rate. For  a given cooling rate, Tp 
decreases as the amount of PH in the blend increases. 
This was the expected behaviour, taking into account 
that when the percentage of PH in the blend increases, 
three main factors contribute to reduce the overall rate of 
crystallization: the dilution of the crystalline polymer 
chains at the crystal growth front, the mobility reduction 
of these chains due to the higher Tg of the blend, and the 
drop in the thermodynamic driving force caused by the 
melting point depression of pure PCL. As can be seen in 
Figure 1, these factors are more significant when the 
amount of PH in the blend increases. It takes longer to 
reach the maximum heat flow, and therefore the peak 
maximum appears at lower temperatures. 

At is reported in Figure 2 for different PH/PCL blend 
compositions at different cooling rates. From this plot, it 
can be seen that for a given composition At increases at 
slower cooling rates. For  the same cooling rate, up to 
about 20% of PH content in the mixture, At is almost 
constant with composition, while for blends with a 
higher PH content At increases when the PH content in 
the blend increases. The explanation for this behaviour 
could be the same as that given previously. The higher 
the amount of PH in the blend, the more significant are 
the effects of the three factors cited, reducing the 
crystallization rate and consequently increasing At. In 
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Figure l Variation of the peak temperature as a function of PH/PCL 
blend composition at different cooling ratcs: (O) 20'Cmin i: (O) 
10:Cmin ~: (A) 5'Cmin-~; (4) 2.5:Cmin i: (ll) 1.25 Cmin ~: ([~) 
0.62Cmin I:(x)0.31 Cmin I 
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Figure 2 Variation of the time required by the sample to crystallize as 
a function of PH/PCL blend composition at different cooling rates: (O) 
10 Cmin I (A) 5Cmin 1: (A) 2.5 Cmin t: (ll) 1.25 Cmin J: (D) 
0.62 Cmin ~:(×)0.31:'Cmin 

Figure 2, the error bars of some points are shown in order 
to visualize the precision in the determination of  At. 

Figure 3a shows the relative degree of crystallinity, 
X(t), as a function of temperature for the PH/PCL 10/90 
blend at different cooling rates. This figure was obtained 
by the integration of the exothermic peaks from the non- 
isothermal crystallization scans. From this plot, data of 
transformed material at a given temperature for each 
cooling rate can be taken, allowing application of 
Ozawa's treatment to yield the values of n and K(T). 
As can be seen in this figure, for a given composition the 
crystallization process begins at higher temperatures for 
slower scanning rates. This could be because, there is 
enough time to activate nuclei at high temperatures, i.e. 
the nuclei are activated at lower temperatures as the 
cooling rate is increased. In Figure 3b, a similar plot of 
X(t) versus temperature for several compositions at the 
cooling rate of 5'~Cmin ~ shows that the rate of 
crystallization decreases as the amount of PH in the 
blend is increased. 

In Figure 4, following Ozawa's treatment 27 32, the 
plot of l o g { - l n [ 1 -  X(t)J } versus log~ for PH/PCL 
20/80 blend at several temperatures is shown. For all 
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Figure 3 (a) Extent oftranst\~rmation as a function of temperature for 
the 10,,'9(I PH,'PCL blend cr~ystallized non-isothermally at different 

";, ~ I I cooling rates: (Q) _0'Cmin ; (O) 10'Cmin : (at) 5 Cmin : (k) 
2.5 Cmin 1:(1) 1.25 Cmin I:(1~)0.62 Cmin 1:(×)0.31 Cmin l.(b) 
Extent of transformation as a function of temperaturc for various 
compositions of the PH/PCL blend crystallized non-isothermally at 
5 C rain i: (@) 0,100: (©) 10:9(1: (at) 20/80: (5) 30/70: (I) 36,'65: (~) 40/6(/ 
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Figure 4 Ozawa plot of log{ h l i l  - X(t)'} versus log 3 %r the 20/80 
PH/PCL blend at several temperatures: (il9 302 K: (x) 304.4K; (D) 
306K (I)  307.6 K: (51 309.2 K: (at) 310.4K: (O) 311.6K: (O) 314K 

temperatures ,  and convers ions  between 0.02 and 0.98, 
s t raight  lines were obta ined ,  which reinforce the val idi ty  
of  apply ing  Ozawa ' s  me thod  to P H / P C L  blends.  The 
Avrami  exponents  (Table 1) for pure  PCL and several 
blends are in very good  agreement  with those found 

Table l n parameters for non-isothermal crystallization of PH,'PCL 
blends obtained from the Ozawa theory 

PH/PCL ~ rangc (K) n c¢' 

0 1 0 0  3 1 6  3 0 9  2 . 9  0 . 2  

1090 315 301 %.0 11.2 
21180 314 299 3.0 0.2 
30'70 312 288 2.6 0.2 
3565 305 279 2.5 0.4 
411/60 304 290 2.2 1).2 

~' Standard error 
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Figure 5 Avrami crystallization plots for the non-isothermal crystal- 
lization of the 30/70 PH/PCL blend at different cooling rates: (Q) 
20 Cmin i ((2)) 10 Cmin i; (A) 5'Cmin i: (z~) 25 Cmin ~: (I)  
1,25Cmin i:(F~)0.62Cmin ~:(x)0.31 Cmin i 

isothermally 12. the values being approximate ly  3. con- 
firming again a three d imensional  growth process and 
heterogeneous nucleation. However ,  the n values decrease 
when the quant i ty  of  PH in the blend is higher than 30%. 

On the o ther  hand,  the s igmoidal  shape ob ta ined  by 
p lo t t ing  ,V(t) versus t suggests that  a t rea tment  for 
non- i so thermal  da ta  based on the Avrami  analysis  
[equation (2)] might  be appl icable .  As was ment ioned  
earlier,  p lo t t ing  l o g [ - l n ( 1  - X ) ]  versus Iog t (F~ure 5), 
values of  n and K,, for each cool ing rate and compos i t ion  
can be calculated.  The l ineari ty main ta ined  from the 
initial stages of  crys ta l l iza t ion until very high degrees of  
relative convers ion indicates  that  Avrami ' s  equat ion  
correct ly describes the nonqso the rma l  crysta l l izat ion 
process,  a l though K,, and n are only two ad jus tab le  
parameters ,  as ment ioned  previously.  A secondary  
crysta l l izat ion,  if it exists, has not  been detected p robab ly  
because it would  be associa ted  with at very small  heat  
effect. Values of  n listed in Table 2 are higher  than those 
de te rmined  from isothermal  crystal l izat ion.  This 
behav iour  can be explained,  as supposed  by Cebe 21 to 
changes in the l inear growth  rate dur ing  non- i so thermal  
crysta l l izat ion.  Moreover ,  as he found,  the s t andard  
er ror  of  the average exper imenta l  values of  ~/ for each 
compos i t ion  in non- i so the rmal  studies is higher than that  
f rom iso thermal  ones. 

Final ly ,  to apply  the Ziabicki  theory to non- i so thermal  
data ,  a funct ion of  t0. 5 with time has to be derived.  To 
de termine  this funct ion,  apa r t  f rom the knowledge  of  
t0.5 derived from iso thermal  experiments ,  it is necessary 
to know the cool ing rate  employed  and the times when 
the non- i so the rmal  crys ta l l iza t ion starts  and ends. 
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Table 2 n parameters obtained after applying the Avrami equation to 
the non-isothermal crystallization data of pure PCI and its blends with 
PH 

PH/PCL n cr" 

0/100 4.0 0.2 
10/90 4.0 0.2 
20/80 3.9 0.3 
30/70 3.8 0.2 
35/65 3.8 0.4 
40/6o 3.1 0.5 

a Standard error 
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Figure 6 Variation of t05 with crystallization time for the indicated 
PH/PCL blends at two different cooling rates: (0) 0.62 Cmin ~: (©) 
0.3FC min i 

Subsequently, the values o f  E(t) can be easily calculated 
using equat ion (5), and the theoretical values o f  X(t) 
obtained after applying equation (3) can be compared  
with the experimental ones. The shor tcoming o f  this 
theory is that  it can be applied only in the range o f  
temperatures and composi t ions where it is possible to 
follow the isothermal crystallization; i.e. in the absence 
o f  sufficient isothermal data,  this theory cannot  be 
applied unless the kinetic parameters  needed can be 
extrapolated f rom the classical theory o f  crystallization. 

The dependence oft0. 5 on time for pure PC1 and two of  
its crystalline blends with PH is shown in Figure 6, at 
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Figure 7 X(t) as a function of time for the indicated PHPCL blends at 
a cooling rate of 1.25Cmin i: ( --) values calculated theoretically 
using Ziabicki's treatment; ( -) experimental values 
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Figure 8 X(t) as a function of time for the PH'PCL 10:90 blend at the 
indicated cooling rates: t - - )  values calculated theoretically using 
Ziabicki's treatment: ( - ) experimental values 

cooling rates o f  0.31 and 0.62 C m i n  i and, as can be 
seen, in all cases t0.s decreases with time• In addition, t0. 5 
increases as the PH content  in the sample is increased. 
This effect can be attr ibuted again to the three factors 
reducing the overall rate o f  crystallization. The data  were 
obtained from the isothermal crystallization o f  P H / P C E  

• . 19 . 
blends treated an a previous paper ~. In our  case, unlike 
the results reported by Martuscelli et al. 7, the cooling 
rate influence is appreciable in both pure PCL and in its 
blends with PH. 

The relative crystallinity, X(t),  obtained experimentally 
as a function o f  time for different blend composi t ions 
and at the cooling rate o f  1.25°C min ~, is compared  in 
Figure 7 with the X(t) obtained theoretically by using 
Ziabicki 's theory. F rom this plot, it can be observed that, 
a l though in general this theory can be used to 
satisfactorily describe the non-isothermal  crystallization 
o f  the P H / P C L  system, the theoretical values o f  X(t) 
move away f rom the experimental values as the content  
o f  PH in the blend is increased. In this figure, the data 
corresponding to pure PCL have been omitted for 
clarity, since their experimental and theoretical plots 
overlapped those o f  the 10/90 blend. For  a given 
composit ion,  the agreement between theoretical and 
experimental curves can be observed in Figure 8. Rates 
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'Fable 3 V~ Valucs of the first coefficient al, for PH,'PCL blends as a function of the crystallization time at two different cooling rates 

al (0 .62 'Cmin I) (;1 (0.31 Cmin  I) 

; (s) PCL 10,'90 20:80 31) 70 40,60 PCL 10'90 20:80 ~0,'70 40/60 

200 21.6 10.5 62.8 7~). g 89.0 126.5 504.4 

401) 0.1 0.5 2.2 9.2 24.4 23.3 38 63.5 

600 0. l 0. l 0.0 I. 7 7.3 2.9 4.9 13.8 159.6 

800 0.0 3.1 I.(I 0.4 4.1 37.5 18.2 

1000 - 0.2 0.8 0. I 0. I 1.0 10.0 4.9 

1200 0.0 0.2 - 0.1 0.5 3.2 1.9 

1400 0.2 0.2 0.0 0.9 0.8 

1600 0.2 0.0 O. I 

1800 0. I O. ] 

2000 0.3 -0.2 

higher than 2.5 C m i n  I do not appear in Figure 8 since 
experimental data from isothermal crystallization 
required to obtain the theoretical X(t) curve over a 
significant range of conversion were not available. 

Although the first term of equation (4) offers a simple 
way to treat the non-isothermal crystallization data, the 
validity of the PA can be checked by estimating the value 
of the first coefficient 7`s-- al in equation (6), i.e. ifal >> 0, 
the PA does not hold, and hence a clear discrepancy 
between theoretical and experimental X(t) values exists. 
To estimate a~, the following relation can be used: 

E(exp . ) /E(PA) 1 
al " ds (6) 

I0( ) 
where E(exp.) is the value of E(0  obtained by using 
experimental values of X(t) and E(PA) is the value of 
E(0  calculated using equation (5). The values of al 
obtained using the above equation are reported in 
Table 3 for pure PCL and several PH/PCL blends at two 
cooling rates. It is evident that for the same blend 
composition the values of al are very high at the 
beginning of the process and decrease during crystal- 
lization. Furthermore, comparing the al values at a given 
time, it can be seen that aj increases as the content of PH 
in the blend is increased and when lower cooling rates are 
considered. The same conclusions about al were 
reported by Martuscelli et al. for PEO/PVAc blends s. 
However, there are few data in the literature from which 
to form definitive conclusions about the validity of 
applying equation (5) to non-isothermal processes in 
polymer blends. Further studies concerning the non- 
isothermal crystallization in blends would be necessary 
to draw adequate conclusions. 

CONCLUSIONS 

Taking into account the theories considered, it can be 
concluded that the results shown here describe in a 
qualitative manner the non-isothermal behaviour of the 
PH/PCL blends. For a given composition, the crystal- 
lization process begins at higher temperatures when slow 
scanning rates are used. This observation could have 
interesting implications for blend processing. 

The Avrami exponent in the analysis of the non- 
isothermal crystallization through Ozawa's treatment 

agrees with that obtained in a previous paper after 
applying the Avrami equation to isothermal crystal- 
lization data, above all for rich PCL blends. The value of 
the Avrami index is ~3, suggesting a heterogeneous 
nucleation process followed by a three-dimensional 
growth. 

There are several cases, such as the beginning of 
crystallization and high percentage of PH in the blend, 
for which the theoretical data obtained through Ziabicki's 
treatment move away from the experimental data. 

In general, for all three theories applied to the non- 
isothermal data of the PH/PCL blend, the results are less 
satisfactory as the amount of PH in the blend increases. 
Finally, the non-isothermal crystallization of this system 
is not simple and needs further studies to describe it in a 
more scientific way. 
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