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ABSTRACT: The influence of untreated glass beads (GB) and Aerosil (A), as well as glass beads 
treated with aminosilanes (GBA) on the melting behavior of nylon 6 was studied with the aid of 
differential scanning calorimeter (DSC-I). It was found that glass beads with low surface energy 
(GBA) exerted no appreciable influence on the melting characteristics of a polymer, while in filled 
samples of the GB and A series, heats of crystallization and melting linearly decreased with a total 
solid surface area, the slope being numerically equal to the heat of the wetting of A by nylon 6 melt. 
Equilibrium melting temperature in the samples of these series abruptly dropped from 511 K to 499 K 
after interparticle separation decreased below about x= 10 x 10- 6 m, and remained thereafter 
approximately constant at Tm0 =501±3K down to x=50xl0-6 m. At x=30xl0- 6 m, no 
crystallization was observed above 440 K, and the melting temperature of this sample when cooled to 
room temperature was independent of the crystallization temperature in the range below 440 K. 
Annealing of these samples at 300 K resulted in the appearance of relaxation endotherms on the heat 
capacity curvtJs above the glass-transition interval, the strength of said endotherms smoothly 
increasing with the filler content. The experimental data were discussed in terms of changes in the 
initial melt structure of nylon ·6 and competition between surface forces tending to increase the filler 
coverage and opposing its bulk driving force for polymer crystallization tending to pull segments 
from filler surface onto growing crystal face. 
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Incorporation of inorganic fillers into organic
polymer matrixes was originally for the purpose of 
acheiving optimum mechanical properties in the 
resulting composites by combining the high modulus 
and strength of the fomer with the elasticity of the 
latter. However, it was found that not only mechani
cal but also many other static and dynamic proper
ties of filled polymers invariably failed to obey the 
simple linear rule of mixtures, the magnitude (and in 
some cases even the sign) of the deviations from 
additivity being strongly dependent both on the 
chemical nature of components, as well as on their 
relative content. 1 - 8 These manifestations of the 
"long-range" nature of the solid-surface effect on 
polymer structure and properties were attributed to 
the formation of boundary-polymer layers with 
changed properties as a result of a complex interplay 
of energetic and entropic phenomena involved in the 
polymer~filler interactions.9 The applicability of this 

concept, which has proved successful for interpreting 
the bulk properties of filled amorphous poly
mers, 10 - 14 in the case of filled crystallizable poly
mers was, however, tested only on a relatively 
modest scale, 15 - 17 since so far the main attention of 
polymer scientists has been directed toward in
vestigating crystal-nucleation phenomena in poly
mer melts containing very small amounts of solid 
particles. 18 - 25 In the present series of papers, we 
discuss the results of an extensive experimental study 
of crystallization and melting behavior of nylon 6 
containing various amounts of silica and glass beads, 
including the range of filler loadings where polymer 
properties were expected to be most subject to solid
surface influence. 

EXPERIMENTAL 

Nylon 6 resin, used throughout this study, was a 
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commercial product of Toyo Rayon Co. Ltd. Two 
kinds of silica-based glass beads (GB 731 and GB 
731A series produced by Toshiba-Barotini Co. Ltd.) 
and fine silica powder (Aerosil 200, product ofNihon 
Aerosil Co. Ltd.) were used as fillers. Both types of 
glass beads had the same chemical composition (72% 
SiO2), equal densities (0.248 kg m - 3),and mean sizes 
(about 3 x 10-s m), but the series GB 731A was 
surface-treated with a aminosilane coupling-agent. 
Untreated silica powder had essentially the same 
chemical composition as glass beads (99% Si02), but 
a much lower mean particle size (1.2 x 10-s m) and, 
correspondingly, a higher specific surface area 
(S=2x 105 m2 kg- 1). Prior to use, all fillers were 
washed with methanol and vacuum-dried for 8 hours 
at room temperatu're. The following procedure was 
adopted for preparing the filled samples. The po
lymer was first refluxed with methanol, dried and 
then dissolved in anhydrous formic acid (polymer 
concentration, 2-3%), after which the necessary 
amount of filler was added to solution. This treat
ment not only ensured favorable conditions for 
homogeneous distribution of filler particles in poly
mer matrix, but served also to stabilize the molecular 
weight of the latter during melting-cystallization 
cycles.26 ·27 The solvent was subsequently slowly 
evaporated overnight under conditions of mild 
warming (to about 310 K) and periodical stirring, 
and then evacuated for 8 hours at room temperature. 
Precipitates obtained at this stage were then crushed 
to fine powder and evacuated for another 3 days to 
remove any traces of residual solvent. The powdered, 
solvent-free samples were hot-pressed at 500-510 K 
for 15 min to obtain homogeneous films from which 
samples were cut for calorimetric measurements. 
Filled samples were labelled according to the filler 
type and its weight content, e.g., GB-50 (50 wt 
percent of GB 731); GBA-60 (60 wt percent of GB 
73 IA), or A-3 (3 wt percent of Aerosil 200). The 
weight of a filled film was varied to match approx
imately the weight of its polymer component by 
using the weight of a pure-polymer sample (about 
1 x 10- 5 kg). All calorimetric work reported in this 
series was carried out using the DSC-I instrument 
(Perkin-Elmer Corp.). The temperature and heat of 
the phase transitions were calibrated using variable 
amounts of bismuth, tin, and indium for high
temperature measurements, and distilled water for 
lower temperature measurement, at scan speeds 
ranging from 1-64 K min - 1 and at different settings 
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of instrumental sensitivity. For heat-capacity de
terminations, the instrument was calibrated and 
periodically checked in the range 200-600 K ac
cording to standard procedures,28 •29 using sapphire 
as the stand_ard. All heat-capacity measurements 
were performed in a flux of dry nitrogen at a 
scanning speed 16 K min - 1 . The estimated errors in 
temperature, heats of transition, and heat capacities 
were I K, 5 kJ kg- 1 and 25 x 10- 3 kJ kg- 1 K - 1 , re
spectively. To ensure reproducible and comparable 
experimental conditions, all samples prior to 
measurement were kept for 5 min .at 550 K. 

RESULTS 

Heat Capacities 
As can be seen from Figure I, the overall shapes of 

the heat capacity, cv vs. temperature, Tcurves for all 
samples which were rapidly (32 to 64 K min - 1) 

cooled from the melt (hereafter referred to as 
quenched samples), are typical for semicrystalline 
polymers, consisting of linear portions below the 
glass-transition temperature, Tg (observable as a 
break in the vicinity of 325 K), and above the 
experimental melting point, Tm (defined as a highest
temperature peak on the melting endotherm), and of 
a nonlinear portion in the intermediate temperature 
range. Heat capacities of unfilled nylon 6 both in the 
glassy state below Tg, and in the molten state above 
Tm, agreed to within 2% with the corresponding data 
of Gee et al.30c/s of filled ~amples were found to 
decrease linearly with increasing filler weight con
tent, W, from cP (polymer) to cP (filler) both in the 
melt, as well as in the temperature range below Tg for 
quenched samples (upper and lower lines in Figure 
2). Deviations from additivity did not generally 
exceed the limits of experimental uncertainty. Heat 
capacities of all fillers used in the present study 
agreed to 3% with the following empirical equation 
derived from our experimental data in the tempera
ture range from 220 to 550 K (lowest curve in figure 
1 ): 

Cp=0.033+3.24x 10- 3 T-2.56x 10-6 T2 

with cvin kJ kg- 1K - 1 and Tin K.The location of the 
Tg interval did not reveal systematic dipendence on 
W and remained essentially unchanged in the re
latively narrow range 320-330 K. On the other 
hand, both absolute values, as well as a general 
pattern of cv = j( T) plots in the vicinity of and above 
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Figure I. Temperature dependence of heat capacity for 
quenched samples of(from top down); pure nylon 6; A-3; 
A-20; A-33; GB-50; A-50; GBA-60; A-67; GB-70; GBA-
80; GB-80; GB-83; glass beads and aerosil. 

Tg, were found to be markedly time-dependent in 
cases of samples containing untreated fillers (series 
GB and A), whereas only minor changes could be 
detected for either pure polymer, or filled GBA 
series. One can see from Figure 3 that 4-days storage 
of quenched samples from GB and A series at 300 K 
resulted in the appearance of a first-order transition
like endotherm with its maximum located some 30-
50 K above Tg. Although quantitative results were 
not obtained at the present stage due to an extremely 
high time-dependence of "dynamic" cP data in this 
temperature range, one can still draw a broad 
conclusion that the apparent "heat of transition" 
calculated. per pure polymer, smoothly increases 
with filler content W (or, rather, with a total solid
surface available, S W/(1-W)). It is noteworthy too, 
that the endothermic peak referred to above was 
completely absent on the thermograms of samples 
heated to only 380-400 K, cooled to below Tg and 
immediately heated again, while it reappeared again 
after prolonged storage at room temperature. No 
evidence of a time-dependent heat capacity above Tm 

was observed, even for samples of GB and A series 
with the highest filler content. 

Melting Behavior 
In conformity with earlier studies,31 - 33 at least 3 

peaks could be detected on the melting endotherm of 
pure nylon 6 isothermally crystallized from the melt 
in a temperature range from 440 to 480 K (Figure 
4a). As can be seen from Figure 5a, temperatures 

PolymerJ., Vol. II, No. 9, 1979 

3.0 

0 o. 2 0.4 Q.6 0.8 1.0 
W, wt. fraction of filler 

Figure 2. Composition dependence of heat capacity 
above Tm (upper line) and below T" (lower line) of filled 
samples of series A (open circles), GB (open triangles), 
and GBA (filled triangles). 

corresponding to the occurrence of all these peaks, 
Tm(i) (where iis the peak number as defined in Figure 
4), as well as melting temperature of a sample 
isothermally crystallized to only 5-10% of a total 
degree of transformation34·35 (line 4 in Figure 5a), 
exhibited essentially linear dependence on crystalli
zation temperature, Tc, at least in a restricted 
temperature interval. Numerical values of empirical 
parameters a(i) and b(i) from equation 

(1) 

describing these straight lines, are listed in the table. 
The results obtained show that the slope b(i) decreases 
from about unity for line I to 0.5 for lines 2 and 4, 
and becomes zero for line 3. The overall shape of the 
melting endotherm remained essentially unchanged 
when GBA filler was added to initial nylon 6 sample, 
whereas melting peaks were found to become gra
dually less sharp with increasing filler content in 
filled GB and A series (c/ typical thermograms in 
Figures 4b and 4c). As can be seen from Figures 5b 
and 5c, as well as from the numerical data in the 
table, parameters of eq I for filled samples of GBA 
series are not appreciably different from those of a 
pure polymer. On the other hand, while slope b(l) 
was nearly unity for all filled samples independent of 
their composition, both slopes b(2) and b( 4), and 
intercepts a(2) and a(4), underwent marked changes 
due to the addition of untreated GB and A fillers. 
The melting behavior of sample A-67 was extraor
dinary in the sense that its melting endotherm 
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Figure 3. Low-temperature heat capacity of quenched (curves 1) and annealed (curves 2) samples GB-80 (a), 

GB-83 (b), A-20 (c), A-33 (d), A-50 (e), and A-67 (f). 

consisted of only one diffuse peak whose tempera
ture was independent of Tc and remained virtually 
constant at Tm=478±2K. 

Crystallization and melting enthalpy of iso
thermally crystallized, pure nylon 6 increased from 
~Hm*=47.3kJkg- 1 at Tc=441.2K to 
~Hm *=59.1 kJkg- 1 at Tc=476.l K, which cor
responds to an increase of crystallinity from X = 0.27 
to X=0.34, assuming ~Hm = l 76.4kJ kg- 1 for melt
ing enthalpy of a perfect nylon 6 crystal. 30 Similar 
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data were reported by Illers et al. 31 and Valenti et 
a/.33 On the other hand, while essentially the same 
trend was observed for filled samples of GBA series, 
samples containing large amounts of untreated GB 
and A fillers exhibited exactly the opposite behavior 
(see Table I of a companion paper, ref 36). 
Moreover, it was also noted that heats of crystalli
zation and melting of isothermally crystallized 
samples of the latter series systematically decreased 
with increasing filler content, until no crystallization 
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Figure 4. Melting endotherms of pure nylon 6 (a), and filled samples A-20 (b) and A-50 (c) isothermally crystal
lized at indicated temperatures. 

exotherm at all could be detected for sample A-67. 
Closely related phenomena were found by Howard16 

for poly(ethylene oxide) containing increasing 
amounts of untreated Aerosil. As can be seen from 
Figure 6 (line I), l'!.Hm * is found to be an approx
imately linear function of the total solid surface area, 
SW/() - W), as expressed by the following equation 

with a'=53kJkg- 1 and b'=l85x 10- 3 1m- 2 . 

Equation 2 was also found to hold reasonably well 
for samples of the GB and A series which were 
allowed to cool to room temperature after com
pletion of isothermal crystallization from the melt 
(line 2 in Figure 6), although in this case, numerical 
parameter values changed to a'= 59 kJ kg- 1 and 
b'=65 X 10- 3 Jm- 2 . 

l'!.Hm*=a'+b'SW/(1-W) (2) 
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Figure 5. Dependence of melting peaks Tm(i) on crystallization temperature Tc for pure nylon 6 (a), and filled 

samples A-20 (b) and A-50 (c). 

DISCUSSION 

In principle, the occurrence of multiple peaks on 
the melting endotherms of polymers can be attri
buted to recrystallization phenomena in the course 
of heating,37•38 successive, step-like melting of 
folded-chain and bundle-chain lamellae,38 •39 poly
morphic transitions,40 etc. To facilitate the structural 
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interpretation of various endothermic processes dur
ing melting of our samples, we recall that both Ct.- and 
y-crystalline modifications are formed during melt 
crystallization of nylon 6 in a temperature rang,: 
below 450 K, whereas at higher temperatures nylon 6 
crystallizes essentially in the Ct.-form.31 •32•41 •42 Thus, 
the initial constancy of Tm(3) and the gradual 
disappearance of peak 3 when Tc exceeds 455 K (line 
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Table I. Parameters of eq I for systems studied 

a(I) a(2) a(3) a(4) 
T~ ( ±2)/K Sample code b(I) b(2) b(3) b(4) 

K K K K 

Pure polymer 12.4 0.99 292.7 0.420 491.5 0 236.1 0.538 511 
GBA-60 -6.7 1.03 269.1 0.470 490.7 0 219.9 0.569 510 
GBA-80 3.8 I.OJ 268.8 0.470 490.6 0 233.1 0.542 509 
GB-50 21.9 0.97 301.5 0.400 490.8 0 255.0 0.502 512 
GB-70 7.0 1.00 268.4 0.467 488.4 0 285.5 0.428 499 (498)" 
GB-80 -11.4 1.04 269.5 0.472 492.8 0 302.1 0.396 500 
GB-83 -26.7 1.08 349.3 0.301 495.2 0 329.0 0.347 504 
A-3 -13.2 1.06 335.8 0.327 491.2 0 327.1 0.345 499 
A-20 -11.3 1.05 267.6 0.476 489.1 0 311.1 0.378 500 
A-33 11.0 1.00 272.8 0.465 488.7 0 300.9 0.399 502 
A-50 9.0 1.00 481.9 0 285.0 0.429 499 
A-67 478.0 0 

" This value was obtained in a reproducibility test for a different batch of GB-70. 

2 
S v\11( 1-W), m;,'kg,10- 5 

Figure 6. Dependence of crystallization and melting 
enthalpies !:,.H m of isothermally crystallized (line I) and 
cooled to room temperature (line 2) samples of GB and A 
series on the total surface area of a filler, SW/(1-W). 

Vertical lines represent the width of experimental range of 
!:,.Hm * values obtained at different crystallization 
temperature. 

3 in Figure 5a) are consistent with the assignment of 
this peak to the melting of y-polymorph of a pure 
polymer, while slope b(I) ofnearly unity and the very 
low value of intercept a(I) for line I in Figure 5a 
suggests that the low-temperature peak I is related to 
the melting of bundle-like crystals of nylon 6,43 

presumably formed at the latter stages of crystalli
zation when lamellar growth is prohibited.39 Finally, 
near coincidence of line 2 for intermediate endo-
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thermic peak 2, on one hand, with line 4 for melting 
temperature of low-crystallinity samples, on the 
other hand (Figure 5a), permits attributing the 
endothermic process 2 to the melting of an Ct:

polymorph of nylon 6.32 ·41 It is pertinent to note here 
that although the latter conclusion tends to support 
Valenti et al.'s claim33 that the equlibrium melting 
temperature Tm O of crystalline Ct:-form of nylon 6 can 
be estimated from T m(2) vs. Tc plots, there are both 
theoretical and experimental reasons to believe that 
more reliable data can be obtained from Tm( 4) vs. Tc 
dependnce. 34•35 Our value, Tm O = 511 ± 2 K, for an Ct:

polymorph of pure nylon 6, as determined from 
intersection of line 4 in Figure 5a with the "equi
librium" line Tm= Tc, is lower than either 518 K or 
533 K, reported by Arakawa et al.41 and Illers et 
al.,31 respectively, butisverycloseto Tm0 =513 ±2K 
quoted by Valenti et al. 33 

Similarity between the melting patterns of pure 
nylon 6 and filled samples (Figures 4a, 4b, and 4c) 
seems to warrant the assumption that addition of a 
filler does not fundamentally change the molecular 
mechanisms responsible for multiple peaks on melt
ing endotherms. As already mentioned above, the 
dependence of melting peaks Tm(]) and Tm(3) (if 
detectable) for all filled samples, on Tc is almost the 
same as that for a pure polymer. However, there is a 
substantial decrease of the slopes, b(2) and b(4) (and, 
consequently, of the equilibrium melting tempera
tures) for all samples containing untreated GB and A 
fillers, except GB-50 (cf numerical data in Table I). 
The physical meaning of b( 4) ensues from the 
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expression,43 

b(4)=0.5 (/*/[) (ae.ifae_k) (3) 

where/* and/ are the lamellar heights corresponding 
to the initial and final stages of crystallization, and 
ae.k and ae.I are surface free-energies of basal (i.e., 
fold-containing) planes of lamella estimated from 
the temperature dependence of crystallization rates, 
and from Tm dependence on/, respectively. In terms 
of eq 3, experimentally observed b( 4) = 0.538 for 
pure nylon 6 implies, approximately, /* ;;;,./ and 
ae.,;;;,. ae.k• which agrees with similar data for other 
unfilled polymers.43 On the other hand, taking into 
consideration the sudden drop of nucleation free 
energy (i.e., "kinetic" ae,k) for samples GB-70, GB-
80, GB-83, and A-3,36 there are at least two alter
native explanations for the concomitant decrease of 
b(4), namely: I, Lamellar thickening (i.e., I>/*) 
which requires a e.k = a e.,; 2, Smoothing of lamellar 
fold surfaces in the course of crystallization (i.e., 
ae.1<a •. k) at l=l*. Evidently, special structural stu
dies have to be undertaken in order to choose 
between these alternatives. 

This argumentation can not be pursued further, 
however, to rationalize the experimentally found 
b(4)=0 for sample A-67. It appears rather more 
appropriate here to take into account the space 
limitations at extremely high filler loadings which 
should impose severe kinetic restrictions on lamellar 
growth in the course of crystallization, and pre
sumably, bring about larger values of ae,k· In the case 
considered here, the minimum distance between 
surfaces of filler particles is approximately 
30 x 10- 10 m (estimated, as d[(q>m/<p)113 - l], where 
d= 1.2 x 10- 8 m is the mean particle diameter, 
q>mc:;;,.0.80 and <p=0.47 are limiting (maximum) and 
actual volume contents of a filler). This value should 
be now compared with the theoretical height of a 
growth nucleus /* calculated from eq 4 below, 
viz.34.35.43: 

I* ;;;,.2ae,k/!ig (4) 

where !ig = !iH m!i T/ Tm O is the bulk free-energy dif
ference between polymer amorphous and crystalline 
states. Substitution of ae,k c:;;,.60 x 10- 3 J m- 2 , 36 

!iHm=l76.4kJkg- 1 =2.1 X 105 kJm- 3 and Tm0 = 
511 K (see above) into eq 4 yields I*= 
95 x 10- 10 m at undercooling liT= 30 K and 
1*=35 x 10- 10 m at liT=80K. These admittedly 
approximate calculations in which we did not allow 
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for variations of Tm0 or ae,k,36 permit, nevertheless, 
explanation of a number of important experimental 
observations. To begin with, failure of sample A-67 
to crystallize at Tc above 440 K36 turns out to be the 
consequence of the inability of a growth nucleus to 
reach its critical height, rather than lateral dimen
sions, a* or b*, because, by definintion,34 

a*;;;,.b*;;;,.2a/!ig (where a is the corresponding "ki
netic" surface free energy), and usually a< ae,k· This 
conclusion is consistent with the universally re
coginzed tendency of flexible-chain polymers to 
crystallize by a chain-folding mechanism with nor
mal orientation of their long axes to the substrate 
surface. 38 •39 It follows, therefore, that for samples A-
50 and A-33, similar "critical" degrees ofundercool
ing should exist, which the calculated values of /* 
match approximately the mean interparticle sepa
rations (50 x 10- 10 mand 90 x 10- 10 m respectively). 
The predicted values of "critical" ti T's (65 K for A: 
50 and 35 K for A-33) are again in a fair agreement 
with actual kinetic data.36 Moreover, space limi
tations for volume contraction during crystallization 
due to close proximity of neighboring solid particles 
seem to be a natural cause of internal stress build-up 
in highly loaded annealed samples of GB and the A 
series, one of manifestations of which are relaxation 
endotherms on cP vs. T plots above Tg (Figure 3). 

The concept of internal stresses can also be used to 
explain the partial recovery of melting heats 
!iHm *(2) of these samples cooled to room tempera
ture (Figure 6). In fact, while in the case of a pure 
polymer this recovery, lih=liHm*(2)-!iHm*(l)= 
6 kJ kg- 1 , may be attributed to complemetary crys
tallization at low temperatures of a low-molecular 
weight fraction of our commercial, unfractionated 
sample, this argument apparently does not apply to 
rationalize the increase of !ih with filler content. In 
our opinion, the different slopes of lines I and 2 in 
Figure 6 can be accounted for by the following 
physical interpretation. Energetic interactions be
tween polymer molecules and solid phase to com
pensate for the surface energy of the latter would 
lead to a decrease in melt enthalpy, and con
sequently, in the enthalpy difference between amor
phous and crystalline phases, that is, !iHm. Thus, 
slope b'(l) of the linear dependence of quasiequilib
rium (isothermal) !iHm *(I) values on the total solid 
surface area (line I in Figure 6) should have the 
physical meaning of filler surface energy, Hr. Indeed, 
our value, b'(l)= 185 x 10- 3 J m- 2 , lies well within 
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the published range, (160-220) x 10- 3 J m- 2 , of 
heats of wetting of untreated Aerosils by various 
polar liquids.44 - 47 On the other hand, since Hr is an 
intrinsic property of a solid, difference in slopes, b'( I) 
and b'(2), should be traced back to specific structural 
changes at polymer-filler interfaces, occurring dur
ing the cooling of the samples to room tempera
ture. Taking into consideration the obvious fact 
that such cooling will not change the nature of 
interactions between polymer molecules and the 
solid surface, it appears that the lower 
value of b'(2) reflects the concomitant decrease 
of the total number of interaction sites. In other 
words, the thermodynamic driving force for polymer 
crystallization tends to free molecular segments 
"anchored" at filler surfaces, and pull them to the 
crystal growth faces. Thus, the thermodynamic state 
of a polymeric phase in highly filled samples at low 
and ambient temperatures should be vizualized as 
that of metastable equilibrium corresponding to a 
delicate balance between surface forces tending to 
minimize the total free energy of a system by 
increasing the solid surface coverage, on one hand, 
and bulk driving force for polymer crystallization 
which tends to increase the stability of initial crystal
line phase by lowering its surface-to-volume ratio at 
the expense of the polymer-filler area of interaction, 
on the other. This model appears capable of account
ing for all experimental findings discussed so far. 

Finally, analysis of numerical values of the 
equilibrium melting temperatures Tm O of filled 
samples is in order. As already pointed out above, 
pure nylon 6 and samples of GBA series have 
approximately the same Tm0 , which should be 
attributable to the low surface energy of silane
treated glass beads. In fact, such treatment was 
reported to bring about almost a four-fold decrease 
of Hr.47 On the other hand, for samples containing 
untreated GB and A fillers (except A-67, as discussed 
earlier), one observes an abrupt, reproducible drop 
from Tm0 = 512 K for GB-50 to Tm0 =499 K for GB-
70, after which Tm O remains approximately constant 
at Tm0 =501 ±3K (see Table I). We may note in 
passing that this behavior resembles a typical 
levelling-off of Tg in filled amorphous polymers 
above some "critical" filler content.9 •10 Now, assum
ing that the "ideal" melting enthalpy, ;'o,.Hm, exhibits 
the same dependence on filler content as the experi
mental heats of fusion, l'-,.Hm * (Figure 6), it follows 
from the apparent constancy of Tm 0 ( = l'-,.H ml !-,.Sm) 
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that the melting entropy, !-,.Sm, should also be a linear 
function of the total filler surface area, SW/(! - W). 
But this conclusion is not inconsistent with the above 
discussion, since energetic interactions between mac
romolecules and the solid surface should necessarily 
decrease the conformational freedom of the former, 
i.e., their entropy. However, one must assume that 
some discontinuous structural change occurs in the 
samples of the GB series in the range of filler 
loadings, 50 < W < 70 (i.e., in the "critical" range 
of mean interparticle distances, 5 x 10-6 m < 
xcrit < 10 x 10- 6 m, to explain the initial drop 
of Tm0 • It turns out that the postulated change 
should involve a specific molecular mechanism 
which would bring about either a decrease in the 
melting enthalpy, t-,.Hm, or an increase in the melting 
entropy, !-,.Sm, of sample GB-70 over that of GB-50. 
The first suggestion appears unlikely in this case 
because the only plausible source of ;'o,.H m change, 
that is, dissipation of crystallization heat on 
polymer-filler interface, should be extremely small at 
close-to-zero values of the total interfacial areas 
involved, since the specific surface area of glass beads 
is at least five orders of magnitude smaller than that 
of Aerosil 200. On the other hand, a slight increase in 
!-,.Sm resulting from a (partial) breakdown of 
hydrogen-bonded, ordered structures in nylon 6 
melt, may be conceived as a transition of all polymer 
phases into boundary layers and is completed above 
a "critical" filler content. Unfortunately, .at this 
stage, we can not completely assess the relevance of a 
"critical" distance between filler particles, xc,i, = ( 5-
10) x 10- 6 m, below which all polymers apparently 
become involved in the "boundary state" different 
from melt structure of nylon 6 (see, however, part II, 
ref 36), although we deduced a similar value from 
thermodynamic studies of polystyrene melts filled 
with untreated glass powder.7 Further work is 
needed to elucidate the dependence of xc,i, on the 
structural characteristics of polymer melts. 

CONCLUSIONS 

The results of this study have shown that the 
thermodynamic state of a polymeric component in 
filled nylon 6 is controlled by energetic character
istics of the solid surface. Low-energy filler does nor 
affect in any appreciable way the melting parameters 
of a polymer; but both the equilibrium melting 
temperature and melting enthalpy were found to 

707 



V. P. PRIVALKO, T. KAWAI, and Yu. S. LIPATOV 

undergo drastic changes as the thickness of a poly
meric layer between high-energy solid particles de
creased below xcri,=(5-10) x 10~6 m. On the basis 
of our experimental data, we can offer the following 
qualitative model of polymer-solid interactions in 
samples containing untreated GB and A fillers. In the 
range of low-to-moderate filler contents (i.e., at 
mean interparticle separations above xc,;,), while 
polymer adsorption on filler surface would un
doubtedly result in appearance of boundary
polymer layers, the latter do not form a continuous 
network, however, and remaining "free" polymer 
retains essentially the melting characteristics of an 
initial, unfilled polymer. On the other hand, the 
transition of all polymer phases into the "boundary 
state" as interparticle distance decreases below Xe,;,, 

apparently destroys the initial melt structure, slightly 
increasing thereby its entropy and decreasing the 
equlibrium melting temperature, as well as creating 
favorable conditions for crystal nucleation. 
However, at higher filler loadings the solid phase 
begins to act both as a thermodynamic."sink" which 
absorbs heat (and, presumabl,y, entropy) of crystalli
zation, as well as a steric obstacle to crystal nuc
leation and growth. Consequently, the experi
mentally feasible range of crystallization tempera
tures becomes narrower and shifts to lower tempera
tures. Moreover, competition between surface forces 
tending to increase the number of polymer-filler 
interaction sites, and bulk driving force for crystal
lization and lamellar perfection which tends to pull 
macromolecules from filler surface onto crystal face, 
results in a gigantic build-up of internal stresses in 
highly filled samples cooled to and below room 
temperature, and these are shown as large relaxation 
endotherms on heat capacity curves above the glass
transition interval. Clearly, the importance of these 
relaxation phenomena should be realized both by 
polymer scientists studying the physical properties of 
filled polymers, as well as by potential users of filled 
polymeric composites. 
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