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A b s t r a c t  

Nucleation of crystallizable polymers is quantified through an efficiency scale obtained and 
calculated using differential scanning calorimetry (DSC). This scale, defined in self-nucleation 
experiments, is a simple, convenient and reliable calorimetric efficiency scale. Typical nuclea- 
ting agents for isotactie polypropylene are evaluated; they rate at best at 60 to = 70% on this 
efficiency scale. 
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Introduction 

Nucleating additives are widely used in industrial practice. They shorten the 
processing time in injection moulding; they reduce the average size of the 
spherulites, and hence, they improve the mechanical properties and reduce the 
haze [1]. The nucleating agents have various chemical structures [2, 3] (miner- 
als (talcs...), organic salts (e.g. sodium benzoate), organics (e.g. DBS: diben- 
zylidene sorbitol)) and in the case of polyolefines they usually act via epitaxial 
interactions [4]. 

Generally, the efficiency of nucleating agents is characterized in two differ- 
ent ways: either in an anisothermal experiment by measuring the increase in 
crystallization temperature (the variables are the nuclei concentration N and the 
growth rate G) or in an isothermal experimeht by evaluating the reduction of the 
crystallization half-time (the only variable is N since G is constant). In both 
cases, comparison is made with a 'reference' which is the 'virgin polymer', the 
polymer with no nucleating agents but submitted to the same processing condi- 
tions used to incorporate the nucleating agents (e.g. melt blending, etc...). 

The above evaluations have however an intrinsic weakness as they use only 
a single reference, the virgin polymer, which happens to be the lower limit re- 
garding the crystalline nucleus density. A more satisfactory evaluation would re- 
quire to define an upper limit for the crystalline nuclei density. 
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In this paper, we first define the upper limit obtained with an 'ideally' nu- 
cleated polymer attainable via self nucleation [5]. Second, in an anisothermal 
crystallization carried out by DSC, an efficiency scale for nucleating additives 
is introduced. This scale is then used to evaluate the efficiency of several addi- 
tives known to promote the crystallization of isotactic iPP. Finally, in isothermal 
crystallization, we establish a correlation between both the observed crystal- 
lization temperature and spherulite size (or nuclei concentration), i.e. the effi- 
ciency coefficients are expressed by the physically more telling variables: 
spherulite size or nuclei concentration. 

E x p e r i m e n t a l  

Materials 

All experiments are performed with the same polypropylene sample highly 
isotactic produced by SNEAP France, ref. 3030 BN1, with Mw = 315.103 and 
polydispersity 5.5. 

The nucleating agents tested are mostly of commercial origin. Selection is 
based on several criteria: actual use in industry or reported efficiency in pub- 
lished literature. 

Techniques 

Experimental techniques are essentially DSC crystallization experiments 
performed under anisothermal and isothermal conditions. For anisothermal ex- 
periment,s, the heating and cooling rates are 10 deg.min -1. Optical microscopy 
uses crossed polarizers. To determine small spherulite sizes, electron micros- 
copy has been used to observe shadowed replica of polymer film treated with 
permanganic etchant. 

Results and discussion 

Upper temperature limit of crystallization (self-nucleated polymer) 

In polymer crystallization, the self-nucleation procedure is known to pro- 
duce numerous nuclei. Via this procedure, polymer crystal fragments which be- 
have as ideal nuclei in terms of both their interactions (chemical and 
crystallographic) and their state of dispersion can be obtained. This process 
takes place by partial melting of the original crystalline lamellae. 

Four thermal steps are necessary to control the self nucleation procedure 
(Fig. 1). 
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1) Erasure of previous thermal history 

The iPP sample is completely melted at 210~ (40~ above its melting tem- 
perature) for 10 min (Fig. 1 step A). This initial melting step eliminates all nu- 
clei except for those which are temperature resistant (residues of catalysts, 
etc...). 
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Fig. 1 Self-nucleation procedure as applied in DSC runs. Four steps (A), (B), (C), (D) are 
involved; heating and cooling rates are 10 deg.min -l 

2) Creation of the standard state (Tin) 

In anisothermal DSC procedure, this standard state is obtained by cooling 
the 'erased melt' at a determined cooling rate (10 deg.min -1) down to some tem- 
perature T~(TI = 50~ here)(Fig. 1 step B). The crystallization takes place at 
the lower limit of the crystallization range (T~,). T~, depends on the molecular 
characteristics of the polymer and the concentration of temperature resistant nu- 
clei. 

3) Partial melting self-nucleation 

The essential step of self-nucleation is carried out by heating the polymer to 
selected temperatures T, (Fig. 1 step C). When T, is located in the melting 
range (hatched zone), the formation of stabilized polymer crystal fragments re- 
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suits. The concentration of remaining crystal fragments varies dramatically, in- 
creasing as T, decreases and reaching saturation for T, = T~,. 

4) Final crystallization (To z) 

This second crystallization (Fig. 1, step D) is achieved by subsequent cool- 
ing of the sample and the crystallization peak is located at a temperature Te 
(Te >_ To,). This increase in Tc indicates an increase in the concentration of nu- 
cleation sites induced by the self nucleation process. 

In summary, the virgin sample (not self nucleated) crystallizes at the lowest 
temperature T~, whereas the best self nucleated sample crystallizes at the highest 
temperature Te_,. 
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Fig. 2 Crystallization exotherms of iPP after melting at various T, as indicated on the corre- 
sp,,nding curves 

Figure 2 illustrates the evolution of crystallization temperatures for iPP after 
self-nucleating experiments carried out at different temperatures and a fixed 
cooling rate (10 deg.min -~) in a DSC run. The high temperature T~,  is 137.4~ 
whereas the low temperature To, is 112.5~ a difference of 24.9~ Corre- 
sponding concentration of nuclei varies between 106 cm -3 (spherulites diameter 
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100 lxm) and 1012 cm -3 (spherulites diameter ~ 1 I.tm); this size range is quite 
similar to that determined for other polymers in self-nucleation experiments 
[61. 

Efficiency scale for nucleating agents in anisothermal experiments 

As mentioned above, the range of experimentally attainable nuclei concen- 
trations in iPP can be characterized by the variation of T~ i.e. AT = T~,,~-Tr 
The virgin sample and the best self nucleated sample, crystallized respectively 
at Tr and T~_, provide the two extreme limit needed to define an efficiency 
scale for a given polymer. 

Table 1 Crystallization temperatures To of the polymer and nucleation efficiency NE for some 
nucleating agents NA at various concentrations C in isotaetic polypropylene 

Nucleating agents and concentration Tr176 Nucleation efficiency NE/% 

4-biphenyl earboxylic acid, 2% 128.8 

2-naphtoic acid, 1% 127.8 

Nicotinic acid, 1% 125.7 

Thymin, 1% 125.3 

DBS (dibenzylidene sorbitol), 0.4% 123.2 

9-anthracene carboxylic acid, 1% 122.7 

Tale, 1% 121.4 

Sodium benzoate, 1% 121.2 

9-fluorene earboxylie acid, 1% 118.4 

2-hydroxy 3-naphtoic acid, 1% 116.0 

2,4-(bis butylamine)6-hydroxy, 1,3,5 triazine, 1% 115.5 
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Similarly, the nucleated polymer crystallizes at a temperature T, higher than 
T~. if the nucleating agent has any efficiency at all. The improvement introduced 
by the nucleating agent may be quantified by: 

NE = 100 T~-  T~, - 100 ATN_______~A 
T~__-  T~, AT 

The nucleating efficiency (NE) is thus equal to 0 for no nucleating action and 
100 for optimum efficiency. In order to evaluate NE for known nucleating 
agents of isotactic polypropylene [2, 3], several known agents are studied (talc, 
sodium benzoate, dibenzylidene sorbitol (DBS),...). Typical values of NE range 
from 5 to 70% (Table 1). For example, a well known nucleating agent like DBS 
has a moderate efficiency (i.e. NE = 41%). The best nucleating agents com- 
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monly  used in industrial practice are only rated at 40 to 60% on the present 
scale. 

Compared to earlier methods of evaluation, based on the determination of Tc 
and the temperature difference ATriA [7], the most significant improvement of 
the present scale rests in the introduction of an upper limit, expressed by T~==,. 
Further, this new method based on anisothermal experiments is more versatile 
and closer to industrial processing conditions. 

Evaluation of nuclei concentration in isothermal experiments 

In the present section, a similar approach to that mentioned above is pro- 
posed to evaluate nucleating agents. This is a comparison of number nuclei 
and/or size of nuclei for different samples (virgin polymer, nucleated or self- 
nucleated polymer). 
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Fig. 3 Variation of growth rate (G) with temperature as determined in isothermal experi- 
ments (arrowed break, see text) 

In fact, spherulite sizes measured by optical microscopy can be used to de- 
termine nuclei concentrations up to = 10S/cm s. For spherulite sizes smaller 
than a few l~m, analysis of crystallization kinetics with the Avrami equation is 
necessary. 

This equation describes the overall progress of isothermal crystallization: 

1 - Xt= exp(-Kt*) (1) 

with: Xt = crystalline fraction at time t, K = rate constant, n = Avrami expo- 
nent, which characterizes both the nucleation process and the geometry of the 
growth 

J. Thetwlal Anal., 42, 1994 



F I L L O N  et eL: P O L Y M E R  N U C L E A T I N G  A G E N T S  7 2 7  

I i J i o . = ~  
r ~  

ol 

" ~ 
I -~ ~  

O ~ .~  .~  

o ~ !'~ 
~ a  

J. Thermal Anal., 42, 1994 



728 FILLON et al.: POLYMER NUCLEATING AGENTS 

The rate constant K can be deduced from the crystallization half-time 
(:it = 1/2): 

K -  1n2 
t1% (2) 

Assuming three dimensional growth, K is proportional to the concentration 
of nuclei N: 

K = ~ 7tNG 3 (3) 

and 

1 4n R 3 ( 4 )  
N = - 3  - 

where G is the crystal linear growth rate measured by optical microscopy on 
virgin polymer at T~ and R the radius of spherulites. The measured growth rate 
for iPP is represented in Fig. 3, which features the characteristic change in 
slope at 138~ (arrowed), associated by several authors with a change in growth 
regime [8, 9]. 

The nuclei concentrations N are determined for the different nucleated sam- 
pies by analysis of isothermal crystallization kinetics carried out by DSC. Fig- 
ure 4a shows is schematic form the typical output of such isothermal 
crystallization runs. Integration of the curves yields the percentage of conver- 
sion Zt vs. t. Six such curves are displayed in Figs 4b and 4c respectively. 

The plot of log N vs. crystallization temperature (T) (Fig. 5) for each sample 
reveals the following features: 

- for iPP without added nucleating agent (curves a, b, i), the range of N ex- 
tends from = 106 cm 3 when pre-haelting is above 170~ i.e. for the virgin sam- 
ple, to 1012 cm 3 when optimal conditions for self-nucleation are attained, 

- for nucleated samples, the range of N extends from 10 7 c m  3 for the less ef- 
ficient nucleating agent to 101~ cm 3 for the most efficient. On the graph, the 
most efficient nucleating agent are close to the upper right and least efficient 
ones to the lower left corner. 

In Fig. 5 the dashed lines link experiments which give rise to equal crystal- 
lization half-times of iso tl/2 = 4, 6 and 15 min. Since these "iso tl/2" lines cross 
all the curves, it is possible to define 'iso tl/2' efficiency factors [NE~,] for all 
samples. For example, NE,,  for iso t]/2 = 4 min, is giving by 100 AB/AC. A, 
B, C being the intersection point of the 4 min dashed line with nuclei concen- 
tration curves respectively for the virgin polymer, the nucleated one and the op- 
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timally self-nucleated one. These efficiency coefficients are similar to those ob- 
tained from anisothermal experiments (Table 2 and section II). 
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Fig. 5 Nuclei concentration N in cm -3 as a function of isothermal crystallization Tc (a to f 
subscripts, see Table 2). Dashed lines, half-t ime crystallization h/2 of  4, 6, 15 min as 
indicated on the curves 

l h b l e  2 Nucleat ion efficiency NE 
crystallization 

determined by anisothermal ICE,, or isothermal  N E ~  

Curve Sample NE ~ /  % NEiso/ % 

a iPP 3030 0 0 

b i P P 3 0 3 0  + 1% PTBBA 29 21 

e iPP 3030 + 0.4% DBS-AB 41 35 

d i P P 3 0 3 0  + 0.5% PDG 41 43 

e i P P 3 0 3 0  + 0.5% M888 48 56 

f i P P 3 0 3 0  + 0.4% DBS + 0.5% PDG 63 62 

g iPP + 2% ABPC 66 65 

h iPP Ts = 166-5~ 90 91 

i iPP TB = 166~ 100 100 

PTBBA = Para-tertiobutylbenzoic acid 
DBS = Dibenzylidenesorbitol 
AB = Benzoic acid 
PDG = Diphenylglycine 
M888 = a propriatory nucleating agent 
ABPC = 4-Bephenylcaboxylic acid 
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Spherulite size for a given sample can either be calculated from values of N 
using expression [41 or measured directly by optical or electron microscopy (for 
the latter see Fig. 6). In fact, for both evaluation, the both evaluation, the 
spherulite size are roughly equivalent, varying from 1 I.tm (optimal self-nuclea- 
tion) to 100 ~tm (virgin polymer). 

C o n c l u s i o n  

To determine the efficiency of nucleating agent two limits are defined. The 
lower limit refers to the virgin polymer and the upper one to optimally nucle- 
ated polymer obtained via self-nucleation. 

An efficiency coefficient (NE) expressed as a percentage of the above range 
has been defined in anisothermal DSC experiment and the effect of different NA 
on iPP have been gauged on this scale. The efficiency of nucleating agents for 
iPP varies greatly (5% for the worst and 66% for the best). Considerable im- 
provements in the efficiency of such agents are therefore possible. 

The proposed scale for nucleating additives is simple, fast, reliable. It has a 
physical meaning demonstrated through the equivalence of the results for iso- 
thermal and anisothermal experiments. 
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Zusammenfassung - -  Anhand einer untcr Einsatz von DSC crhaltencn und bcrechnetcn Effiz- 
icnzskale wurde einr Quantifizierung der Keimbildung bci kristallisicrbarcn Polymcrcn vor- 
genommen. Diesc in selbstkeimbildenden Experimenten def'miertc Skalc ist eine cinfaehc, prak- 
tische und sinnvolle kalorimctrisehe Effizienzskale. Ffir isotaktisches Polypropylcn wurden 
typische Keimbildungsagenzien cntwickelt, deren Bestgeschwindigkeit auf dieser Effizienzskale 
bei 60 bis 70% licgt, 
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