European Polymer Journal 46 (2010) 2206-2215

Contents lists available at ScienceDirect

POLYMER
JOURNAL

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

Effect of highly filled ferrites on non-isothermal crystallization behavior
of polyamide 6 bonded ferrites

Caiyun Jiang, Dapeng Wang *, Maojie Zhang, Peijun Li, Shugao Zhao **

Key Laboratory of Rubber-Plastics, Ministry of Education, Qingdao University of Science and Technology, Qingdao 266042, People’s Republic of China

ARTICLE INFO ABSTRACT

Article history:

Received 17 December 2009
Received in revised form 7 April 2010
Accepted 2 May 2010

Available online 8 May 2010

The aim of this study is to characterize the non-isothermal crystallization of polyamide 6
bonded highly filled ferrites which were prepared by the melt extrusion. Especially, the
effect of ferrite concentration and its surface property on the non-isothermal crystalliza-
tion were investigated by means of differential scanning calorimetry. The highly filled fer-
rite particles acting as obstacles could severely hinder the motion of surrounding chain
segments, which were irrespective of surface nature. The ferrite could be modified by
silane and obtain a visually enhanced interaction with polymer matrix which evoked the
heterogeneous nucleation. Increasing this enhanced interfacial area between polymer-par-
ticle can promote the heterogeneous nucleation. However, a strong interaction can slow
the motion of surrounding chain segments of particles, thereby producing a competitive
effect on the crystallization rate and crystallinity. The plot of crystallization activation
energy against concentration also can evaluate dispersion performance of hydrophilic fill-
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1. Introduction

Polymer bonded magnets (PBMs) as one of the more
important developments in magnetic materials in recent
years, have opened a new world of application opportuni-
ties. PBMs composed of polymeric matrices and magnetic
fillers (e.g. ferrites, NdFeB, SmCo) can be produced by con-
ventional polymer processing methods, and offer significant
advantages, in terms of processing and cost, as compared
with their metallic counterparts [ 1-20]. However, the intro-
duction of a small quantity of semicrystalline engineering
plastics as binders dilutes the concentration of magnetic
powders, resulting in low magnetic performance. Moreover,
the applications of PBMs were limited because highly filled
magnetic fillers can severely increase the apparent viscosity
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of polymer flow and further make the processing difficult. In
addition, highly filled fillers not only evoked damage of
polymer continuous matrix, but also impacted the crystalli-
zation behavior of semicrystalline polymer, (e.g. polyamide,
poly(p-phenylene sulfide), etc.), suggesting a macroscopic
influence of mechanical properties. Furthermore, the crys-
tallization behaviors of semicrystalline polymer composites
as a function of processing conditions are of great impor-
tance in polymer processing, particularly for the analysis
and design of processing operations [21]. Hence, it is impor-
tant to understand the effect of highly filled particles on the
crystallization of semicrystalline polymer matrix.

So far, there were only a minority of existing works
focusing on the crystallization of the highly filled fillers/
semicrystalline polymer systems. Otaigbe et al. [11] inves-
tigated isothermal crystallization of PPS/NdFeB composites
and disclosed that NdFeB particles modified by silane acted
as the nucleation agent and accelerated the crystallization
of polymer. Furthermore, particle size distribution did not
affect the crystallinity of the composite significantly. On
the contrary, according to Khalil and co-author’s report
[22], the highly filled rice hull ash within polypropylene
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matrix did not play a role as the nucleation agent but hin-
dered the crystallization, due to the fact that highly filled
particles confined the motion of polymer chain. However,
for highly filled organically modified montmorillonite
(MMT)/maleic anhydride grafted polyethylene nanocom-
posites, the MMT had no significant effect on the total
non-isothermal crystallization due to neutralizing effect
[23]. There were also some studies on the crystallization
of highly filled systems such as PMMA-layered silicate
nanocomposites [23,24], organic matter/PP composites
[25], Chlorinated polyethylene/layered silicate nanocom-
posites [26], etc. In spite of the extensive theoretical and
experimental effect in the past decade, the effect of highly
filled fillers on the crystallization of semicrystalline matrix
is still unclear. The role of highly filled fillers within poly-
mer matrix upon crystallization process still remains an
open question.

In this paper, a method of non-isothermal crystalliza-
tion which is closely related to manufacture process was
adopted to study the crystallization behavior of polyamide
6 (PA6) bonded highly filled ferrites. For magnetic material,
ferrites have inferior magnetic performance and be geared
to the needs of low-end fields. The ferrites as inorganic
particles can be modified by silane [11,27] and titanate
[28]. On the other hand, PAG6 is a typical polyamide with
several attractive advantages such as high strength, good
toughness and abrasion resistance, which is regarded as
the appropriate polymeric matrices for PBMs. The fer-
rites/PA6 composites are considered as model systems to
explore the intrinsic non-isothermal crystallization behav-
ior and kinetic of highly filled systems. The non-isothermal
melting process together with cooling process was in-
volved to study the substantive characteristics of the inter-
action between polymer and particles.

2. Experimental
2.1. Materials

Polyamide 6 powder used were obtained commercially
from Nanjing Hongrui Plastic Products Co., Ltd. (China).
The density, melting point, heat distortion temperature
and molecular weight of PA6 were 1.13 g/cm?, 216 °C,
201 °C and 27,500, respectively. The magnetic powder: fer-
rites with density of 5.1 g/cm? and hydrophilic surface, man-
ufactured by BGRIMM Magnetic Materials & Technology Co.,
Ltd. (China), consisted of a 6Fe;03-SrO alloy (SrFe;,019) with
various particle sizes being produced in block form (see inset
of Fig. 1). The particle size distribution utilized ranged from
0.1 to 4 um is determined by randomly measuring 100 fer-
rite particle from the inset of Fig. 1, as shown in Fig. 1. N-
(2-aminoethyl)-3-aminopropyltrimethoxysilane (CAS:
1760-24-3) produced by Nanjing Xiangfei Chemical Re-
search Institute (China) was utilized as the coupling agent.

2.2. Sample preparation

The polymers and magnetic fillers were dried at 80 °C in
a vacuum oven for 24 h before use. Before melt extrusion,
quantitative PAG, ferrites and silane (1 wt% of ferrites, if
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Fig. 1. The particle size distribution of ferrites is determined by randomly
measuring 100 ferrite particles from the inset SEM photograph of ferrites.

there was) were mixed under strenuous stirring, and then
the mixture was extruded with a Brabender two-screw ex-
truder (ZKS-25, Krupp Werner & Pfleiderer GmbH, Stutt-
gart, Germany). The temperature of the extruder was
maintained at 190, 220, 230, 240 and 250 °C from hopper
to die, respectively. The rotation speed of the twin screw
was 80 rpm. The neat PA6 was also extruded under the
same condition. In the paper afterward the PA6 bonded
ferrites with rough ferrite volume concentration of j%
was referred to as PA6-j and the subscribed ‘S’ was added
for silane modified sample. For example, PA6-46 used for
PAG6/ferrites with volume ratio of 54/46, PA6s-46 used for
PAG/ferrite/silane with volume ratio of 51.76/46/2.23, cal-
culated based on their density.

2.3. Scanning electron microscope (SEM)

The morphologies of ferrites and PA6/ferrite composites
were examined with a JEOL JSM-6700F for SEM experi-
ment. The specimens were fractured by tensile testing with
the drawing speed of 10 cm/s. The tensile fracture surfaces
were coated with a thin layer of gold by JFC-1600 Auto Fine
Coater and then examined by SEM.

2.4. Differential scanning calorimetry (DSC)

PerkinElmer DSC-7 calorimeter was used to character-
ize the cooling and melting process. The samples were
dried under vacuum at 80°C for 24 h to remove any
remaining water. About 5mg of the polymer samples
was weighed accurately in the aluminum pan and placed
in the DSC cell. All DSC analyses were performed under
nitrogen atmosphere. The non-isothermal crystallization
of PAG6 and its composites were performed as follows: the
sample was heated from 20 to 245 °C, at a heating rate of
40 °C/min. The sample was kept for 10 min at 245 °C to
eliminate the thermal history. Then the sample was cooled
to 100 °C at a heating rate of 40 °C/min. The non-isother-
mal crystallization behaviors were investigated by cooling
samples from 245 to 100 °C at a constant cooling rate of
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2.5, 5, 10, 20 °C/min, respectively. The thermograms were
recorded to estimate the non-isothermal crystallization
kinetics. The sample was heated from 100 to 245 °C, at a
heating rate of 20 °C/min to record the melting behavior.

3. Results and discussion
3.1. Morphologies by SEM

The SEM micrographs considered as the most intuitive
method, could exhibit the morphologies of surface frac-
tures of PBMs. Fig. 2 displays different interfacial properties
of modified and rough ferrites within PA6 matrix with the
same ferrite concentration. The debonding pointed-out by
a black arrow in Fig. 2(b) reflects the visual incompatibility
between rough ferrites and PA6, resulting in a distortion
and further, damage of polymer continuous matrix. The
highly filled ferrites, therefore, might hinder the motion
of polymer segments. In addition, both the incompatibility
and particle agglomeration could give rise to some space
within the matrix. On the contrary, the interface between
PA6 and silane modified ferrites with partial hydrophobic
surface is blurry and has no obvious cavities within the
whole field of view, except for some particles over a size
scale less than rough 200 nm (see inside of black circle in
Fig. 2(d)). We attribute this to the incomplete modification.
Note that it is difficult to observe the dispersion (homoge-
neous or agglomeration) of highly filled particles in PA6
matrix. However, we believe highly filled ferrites always
form agglomeration which is independence of surface
property, shape and size. The particles are too crowding
to have enough space to form good dispersion.

The modified ferrites are seen to have a relatively good
interaction with PA6, stemmed from hydrogen bonding be-
tween amino group of silane on the surface of ferrites and
carbonyl group of PA6, as proved by FTIR measurement
(Fig. 3).

For pure PA6, the strong band attributed to hydrogen
bonded N-H stretching vibration with C=0 can be ob-
served at 3296.2 cm™ !, the absorption peak at 3085 cm™!
indicate the hydrogen bonds of COOH [29]. The absorption
band at 1633.6 and 1539.0 cm™! is due to C=0 stretching
vibration of amide I band and N-H deformation vibration
of the amide II band, respectively [30,31]. The facts that
the absorption bands at 3296.2 and 1539.1 cm™! shift to
low wavenumber direction and the band at 3085 cm™!
nearly disappear jointly indicate highly filled ferrites irre-
spective surface property weaken of the hydrogen bond
within PA6 matrix [32]. The amide I region is composed
of maximum three bands attributable to hydrogen bonded
carbonyl group in ordered domains (corresponding to band
at 1636 cm™ '), hydrogen bonded carbonyl group in disor-
der conformations (corresponding to band at 1645 cm™'),
and “free” carbonyl groups (corresponding to band at
1680 cm™1) [33,34]. It is expected to see that the amide [
region of PA6, move to higher frequency, as incorporation
of ferrites, indicating that the forming of disordered hydro-
gen bonding between C=0 in PA6 and N-H in silane for the
PAG6s-46. The introduction of unmodified ferrites also can
shift the amide I region to high frequency direction, re-
sulted from the hydrogen bonding between C=0 in the
PA6 chain and O-H of residual water on rough ferrite sur-
face, which is distinctly weaker than that on modified fer-
rite surface. We also observe that for PA6s-46, a relatively
strong hydrogen bonding in ordered domains, which corre-

Fig. 2. SEM photographs of fracture surfaces of (a and b) PA6-46 and (c and d) PA6s-46 with the magnification for (a and c) 3000x and (b and d) 20,000 x.
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Fig. 3. FTIR spectrums of pure PA6 and PBMs.

sponds to a higher crystallinity, as compared to the FTIR
data of PA6-46.

SEM images presented are obtained from the fractured
surfaces after the tensile tests. Therefore, the stress and
strain applied on the sample might have distorted the ori-
ginal morphology of the composites. Thus, to obtain a dee-
ply insight into interaction and its effect on the
crystallization, the non-isothermal behaviors will be in-
volved in the next section.

3.2. Non-isothermal crystallization and subsequent melting
behavior

From a practical industrial point of view, it is important
to characterize the non-isothermal heating and cooling
process of polymeric materials, because the polymer is
performed under non-isothermal conditions during fabri-
cation. The non-isothermal curves of PA6 and PA6 bonded
ferrites are normalized by polymer weight percentage, as
shown in Fig. 4. From these curves, some useful parame-
ters, such as crystallization initiating (T;), peak (T,) and fin-
ishing (T¢) temperature, crystallization activation energy

Heat Flow (mW) Endo up

Heat flow (mW) Endo up

T T T . T T
150 160 170 180 190 200
Temperature (C)

Fig. 4. Non-isothermal crystallization and melting (inset) behaviors of
PAG, PA6-46 and PA6s-46 with cooling and heating rates of 20 °C/min.

(AH.) and the viscous flow activation energy (AH,,) are ob-
tained and tabulated in Table 1, which reveal some perti-
nent differences:

(a) The crystallization peak volume of PA6-46 sample
becomes broader and weaker, and shifts to lower temper-
ature, as compared with that of PA6. This is ascribed to the
fact that highly filled ferrites act as obstacles and hinder
the motion of surrounding chain segments, which is in
agreement with our SEM image predictions and the results
of previous works [23,35-38]. This hindering effect is
aggravated as increasing the rough ferrite concentration
[39,40]. In addition, the increase of melting point of PA6-
46 is considered as next direct evidence for the confined
motion of chains. However, the particle agglomeration
introduces some space within polymer matrix to promote
the mobility of segments and thus is responsible for a de-
creased Tr.

(b) A less supercooling (AT =Ty, — Tp) of polymer com-
posites reflects a heterogeneous nucleation mechanism
[21]. In this case, silane modified ferrite particles with a
incomplete hydrophobic surface acting as the nucleation
agent initiate the heterogeneous nuclei as soon as the
specimens reach the crystallization temperature [39], as
displayed in Table 2. The PA6s-0.5 obtains the smallest
supercooling indicate the occurrence of heterogeneous
nucleation mechanism while only 0.5 vol % ferrites escape
the possibility of the hindering effect. The good interaction
observes in Fig. 2(c) and (d) is responsible for this hetero-
geneous nucleation. Compared with the supercooling data
of PA6s-46 and PA6s-60, it is seen that increasing the en-
hanced interfacial area could promote the heterogeneous
nucleation. The crystal form of polymer is more perfectly
with smaller supercooling than that with larger supercool-
ing. We envisage that the effect of concentration variation
of highly filled particles on the distortion and damage of
polymer matrix is negligible and thus, a higher crystallinity
for the sample with more hydrophobic ferrite surface is ob-
served. Hence, both the interfacial area and strength be-
tween polymer and particles is the key for particle to be
the nucleation agent.

The crystallization study of PA6 should be in a very con-
fined condition. Since the modification of ferrites decrease
the density and thus, the volume percent of PA6 in PA6s-46
is practically lower than that in PA6-46. However, if we
keep the volume percent of PA6 constant, it is equal to re-
duce the particle concentration within PA6 matrix. In other
word, the degree of crowd of particles in PA6 matrix de-
crease. Fortunately, for the highly filled systems, the slight
variation of particle concentration scarcely change the
polymer based property, namely, the crystallization, rheol-
ogy and mechanical properties. However, the magnetic
property is highly sensitive to the mass percent of rough
ferrites at highly loaded level. In order to confirm the dis-
cussion above, we also prepared another sample (PA6s-
43.8) which obtains the same volume percentage of PA6
as compared to PA6-46. The change of crystallization
behavior is quite small. Thus, in this study, we ignore the
slight variation of volume percent of PA6 between PAG6-
46 and PA6s-46.

(c) Compared with the crystallization peak of PA6-46
and PA6s-46 at low temperature regime (160-175 °C), it
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Table 1

DSC data for PA6 and PA6 bonded ferrites, obtained from the cooling and heating DSC curves.
Sample Tm,peak (eC)? AHy, (J/g)™¢ T; (cc)b Tp (cc)b Tt (Dc)b AH. U/g)b'e AT (°C)° Xe (%)d
PA6 216.0 57.2 189.6 184.3 177.0 58.4 32.0 238
PA6s-0.5 217.3 58.0 191.7 186.9 179.4 59.1 29.6 241
PA6-5 2215 57.6 188.9 1833 174.7 68.1 38.2 24.0
PA6-20 220.5 52.1 187.7 181.8 172.2 57.0 38.7 21.7
PAG6-46 2215 41.5 185.7 178.1 167.5 57.5 434 17.2
PA6s-46 215.5 47.7 188.2 181.6 170.8 61.6 339 19.9
PA6s-60 215.0 52.1 189.7 182.6 170.1 58.0 324 21.7

4 T and AH,, measured on the second heating at 20 °C/min.
b, Tp, Tr and AH, measured on the first cooling at 20 °C/min.
¢ Degree of supercooling, AT =Ty, — T,

d Crystallinity of degree, X. = AHm/AHy (AHm =240]/g is the heat fusion of PAG [45]).

¢ AHp, and AH, are normalized by polymer weight percentage.

Table 2
Non-isothermal crystallization kinetic parameters based on the Avrami
method.

Cooling rate (°C/min) 2.5 5 10 20
PA6

n 6.2 7.3 7.7 7.6

Z. (min™") 22E-02 1.8E-01 54E-01 9.1E-01
PA6-5

n 6.6 9.5 12.7 9.7

Z. (min™") 3.3E-02 1.8E-01 4.8E-01 9.0E-01
PA6-20

n 7.2 10.1 11.1 10.8

Z. (min™") 2.8E-02 14E-01 53E-01 8.9E-01
PA6-46

n 7.7 9.7 11.6 12.9

Z. (min™") 3.7E-03 1.4E-01 5.0E-01 7.9E-01
PA6s-46

n 6.9 7.5 8.7 9.2

Z. (min™") 1.9E-02 2.0E-01 5.6E-01 9.4E-01
PA6s-60

n 6.5 7.1 8.3 9.1

Z. (min™") 2.5E-02 2.2E-01 55E-01 8.9E-01

is observed that the shape of both curves are quite similar
and both broader than that of PA6. We attribute this to the
hindering effect of particles upon crystallization process
being independence of surface nature within PA6. The fin-
ishing temperature of PA6s-46 is higher than that of PA6-
46, because the enhanced interfacial strength “absorbs”
the surrounding chain segments and reduces mobility of
chain segments.

(d) Note that, the PBMs sample with a small quantity of
ferrites (i.e. 5 vol %) obtains an increase of crystallinity. The
result is consistent with the crystallization behavior of a lot
of polymer nanocomposites [21,41-43] whereas on the ba-
sis of a different mechanism. Some spaces on the interface
promote the mobility of chain segments even at a rela-
tively low temperature. The supercooling data and de-
creased Ty of PA6-5 jointly indicate that an enhanced
mobility of segment (capability of crystallization in low
temperature) instead of heterogeneous nucleation gives
rise to the increase of crystallinity for PA6-5.

Several previous works verified that low or high content
of nanoscale particles in polymer matrix can evoke a heter-
ogeneous nucleation [21,23,36,37,40-45]. For particles
with wide size distribution and above a size scale of

nano-level, however, heterogeneous nucleation mainly de-
pends on the interfacial area and strength. Thus, it is rea-
sonable to interpret that the modified NdFeB with
hydrophobic surface had strong interaction with hydro-
phobic PPS and hence acted as the nucleation agent [11].
The rice hull ash with hydrophobic surface was “soft”
and did not form a strong interaction with polypropylene,
which just retarded the crystallization [22].

Some fillers will promote the formation of y-crystal of
PAG, for example clay, but other fillers can favor the forma-
tion of a-crystal of PA6, for example carbon nanotube, car-
bon fiber, etc. Based on existing study [46], the influence of
low loaded ferrites on the crystalline morphology is little.
However, the XRD is currently un-accessible for the highly
filled samples due to the big noise probably generated by
highly filled ferrites.

3.3. Non-isothermal crystallization kinetics

According to the DSC thermograms of non-isothermal
crystallization scans, the values of the relative crystallinity
at different cooling rates can be determined by the follow-
ing equation [47]:

 Jy(dHc/deyde A,

Xi(t) =g =71, (1)

[ (dHe/dtydte A

where the dH./dt is the rate of heat evolution, ty and t, are
the temperatures, at which the crystallization starts and
ends, Ap and A, are areas under the normalized DSC
curves. The crystallization time (t), can be transformed
from the corresponding temperature T by means of the fol-
lowing equation:

Ty -T]
a )

t (2)
where Ty is the initial temperature of crystallization behav-
ior and a is the cooling rate. In this paper, PA6 and PA6s-46
are selected as model samples to plot the curves of non-
isothermal crystallization kinetic. The non-isothermal
crystallization exothermic peak of PA6 and PA6s-46 at var-
ious cooling rate a, are shown in Fig. 5. It is well known
that the increase of cooling rate can broaden the crystalli-
zation peak and shift it to low temperature direction, vice
versa. From the DSC digital information, the relative crys-
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Fig. 5. Non-isothermal crystallization curves of PA6s-46 and PA6 (inset).

tallinity degree (X;) is calculated at difference temperature
T, and the plots of X, against T are displayed in Fig. 6.

According to Eq. (2) the horizontal T-axis in master gra-
phic of Fig. 6 can be transformed into the crystallization
time t-axis as exhibited in lower inset of Fig. 6. It is seen
that all of these curves have similar sigmoidal shape, and
the curvature of the upper parts of the plot is observed
to be level off due to the spherulites impingement [48].
We obtain the half time of crystallization t;;, at X;=0.5-
50% to eliminate the induction period, as plotted against
the ferrite concentration in Fig. 7. It is displayed that t;,
values increased with the increase of ferrite concentration
at a given cooling rate, indicating that increased surround-
ing chains could be slowed and hindered. The interface-in-
duced heterogeneous nucleation, however, decreases the
crystallization time by neutralizing the hindering and
slowing effect, as compared with the crystallization time
of PA6-46 and PA6s-46 depicted in Fig. 7.
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Fig. 6. Relative crystallinity versus temperature for PA6s-46 and PA6
(upper inset); relative crystallinity versus time for PA6s-46 (lower inset).
The black arrows from tail to tip indicate the cooling rate of 2.5, 5, 10,
20 °C/min, respectively.
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Fig. 7. The half time of crystallization is plotted against the ferrite
concentration at various cooling rate; open symbol for PA6s-46 and PAGs-
60; solid symbol for samples with rough ferrite inside.

The Avrami equation [49,50] can be applied to describe
the isothermal crystallization behavior. Under non-iso-
thermal crystallization, the Avrami equation could still
partly explain the primary stage of crystallization, as
follows:

1—X,(T) = exp(~Z.t"), 3)

log[— In(1 — X(T))] = nlogt + logZ, (4)

where X(T) is the relative degree of crystallinity at time t.
Both the parameter Z; and the Avrami exponent n are diag-
nostic of the crystallization mechanism. For the non-iso-
thermal crystallization process, the Z; estimated from Eq.
(4) should be inadequate because of the influence of the
cooling rate. Jeziorny [51] considered that the parameter
Z: should be corrected as:

logZ,

logZ. = a

()

the values of the Avrami exponent n and the rate parame-
ter Z; can be obtained from the slope and intercept of the
plot of log[— In(1 — X;(T)] versus log t, as shown in Table 2.
The listed data of PAG is similar with result of Refs. [37,52-
55] but higher than that of Refs. [56,57]. It is seen that the n
values of pure PA6 vary from 6.2 to 7.6, while these of com-
posites range from 6.5 to 12.9 which means the addition of
highly filled particles influences the mechanism of nucle-
ation and the growth of PA6 crystalline. Note that only
the n values of pure PA6 which is prepared by extrusion
are higher than 4 and vary slightly with molecular weight
[58], we believe that these high n values is a reflection of
memory effects associated with the processing of polyam-
ide [53]. The linear fits for the plots of log[—In(1 — X;(T)]
versus log t are typical displayed in Fig. 8. It can be seen
that the plots consist of two or three regions, indicating
that the Avrami analysis does not well describe non-iso-
thermal crystallization of PA6 and PBMs. It is well known
that the parameter of Avrami exponent n relates to the
growing mechanism and geometry of crystallization and
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the parameter Z. is determined by the growth rate under
the non-isothermal crystallization condition. For all sam-
ples, the n values are more than 4 and increase with the
growth of cooling rates, indicating that the highly filled fer-
rites extremely complicate the nucleation mechanisms
presumably due to the severely distortion and damage of
polymer matrix. Furthermore, the n value of PA6-46 reach-
ing 12.9 at a cooling rate of 20 °C/min is a little higher than
that of PA6s-46, suggesting a more complex nucleation
mechanism. As imagined, the highly filled ferrites fracture
polymer continuous matrix and couple a severely internal
stress. Whereas the modified ferrites have chemical affin-
ity to absorb the chain segments and to partially release
the internal stress. The nucleation mechanism of PA6 in
PA6s-46 sample, hence, is less complicated than that in
PA6-46 and obtains a low value of n.

Considering the effect of cooling rate on the non-iso-
thermal crystallization, Ozawa [59] extended the Avrami
theory from isothermal crystallization to the non-isother-
mal case, and modified the Avrami equation as followed:

1—X,(T) = exp {— %} , (6)
log[—In(1 — X((T))] = logK(T) — mloga, (7)

where K(T) is a cooling function depending on the crystalli-
zation rate, and m is the Ozawa exponent depending on the
dimension of crystal growth. In general, if the Ozawa equa-
tion could be accurately accord with the crystallization
behavior of polymer, then the plot of log[—In(1 — X,(t))]
versus loga will obtain a precisely straight line. And thus
the Ozawa exponent m and K(T) value can be also precisely
obtained. Typical Ozawa plots for PA6 and PA6s-46 is dis-
played in Fig. 9. The crystallization behaviors of PA6 and
PBMs are not fitted well with the Ozawa equation because
of the curvatures in the plots. Under non-isothermal crys-
tallization, the crystallization rate is no longer a constant
but a function of both time and cooling rate [40]. However,
these differences do not be taken into account in the Ozawa
model. The other ignored factor in the Ozawa model is the
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Fig. 9. Ozawa plots of log[—In(1 — X;)] against loga for PAs-46 and PA6
(inset). The temperatures from top to bottom are 177, 180, 183, 186, 189,
192 and 195 °C, respectively.

temperature dependence of folded chain length of the poly-
mer chain. More detailed interpretation for the deviation of
Ozawa model was depicted elsewhere [23,36,37,51].

As mentioned above, both the Avrami and the Ozawa
models cannot accurately describe the non-isothermal
crystallization kinetic of the PA6 and PBMs. To deeply
investigate the non-isothermal crystallization kinetic, Mo
et al. [60,61] proposed a combined Avrami and Ozawa
equation to describe the non-isothermal crystallization
kinetics of polymers, as follows:

logZ; + nlogt =logK(T) — mloga, (8)

loga =logF(T) — blogt, (9)

where the parameters of F(T) and b are equal to [K(T)/Z,]"'™
and n/m, respectively. The Mo equation correlates the cool-
ing rate and the crystallization time under non-isothermal
crystallization condition, and could be defined by a certain
degree of crystallinity. F(T) refers to the value of cooling
rate, chosen at unit crystallization time when the system
amounts to a certain degree of crystallinity [48]. Increasing
the crystallization rate could reduce the value of F(T). The
—b and log F(T) values are obtained by the slope and inter-
cept of Mo plot of log a against log t, as tabulated in Table 3.
Typical Mo plots of PA6s-46 and PAG6 reflect a good linear
relationship, indicating that this modal is more effective
in describing the non-isothermal crystallization kinetics
of PA6 and PBMs (Fig. 10).

Recalling the anomalous crystallinity (see Table 1) and
tyj2 (see Fig. 7 with cooling rate of 20 °C/min) of PA6-5
compared with that of PA6, we reveal that the addition
of a small quantity of ferrites into PA6 matrix promote
the mobility of chain segments because some extra spaces
introduced on the interfacial layer (see Fig. 2(b)), and
hence increase the crystallization rate and crystallinity.
This process is independence of cooling rate in the ob-
served range. However, in the relatively low temperature
regime, it is possible to arrange the chain segments into
crystal lattice only at a low cooling rate (see PA6-5 with
cooling rate of 2.5, 5 °C/min in Fig. 7), because a fast cool-
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Table 3
Non-isothermal crystallization kinetic parameters based on the Mo
method.

Xe (%) 20 40 60 80
PAG
K(T) 136 1.42 148 155
b 1.92 1.88 1.84 1.80
PA6-5
K(T) 138 145 152 1.61
b 2.00 1.96 1.92 1.88
PA6-20
K(T) 1.40 1.49 1.53 1.66
b 2.09 2.08 2.01 1.95
PA6-46
F(T) 1.51 1.58 1.65 1.71
b 1.84 1.79 1.79 1.72
PAGs-46
F(T) 1.30 139 1.46 1.53
b 158 1.61 1.60 152
PAGs-60
KT) 138 1.48 1.57 1.68
b 1.84 1.84 1.83 1.77
1.4
1.2
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Fig. 10. Plots of loga against logt from the Mo method at different
relative degrees of crystallinity for PA6s-46 and PA6 (inset).

ing is easy to access a temperature under which the poly-
mer chains can be totally frozen and then, at this time, the
contribution of extra space on the mobility of chain seg-
ments is negligible. If we extend this scenario to all the
samples of PA6 bonded rough ferrites, it is found that the
PBMs obtain higher crystallization rates in the primary
stage (see Z. in Table 2) at the low cooling rate than PA6.
The extra-space enhanced mobility of segments is respon-
sible for this increasing. However, the global crystallization
rate of these (see F(T) in Table 3) are always lower. Thus,
the hindering effect is always dominant upon the whole
crystallization process. The anomalous crystallinity of
PA6-5 is merely because the concentration of ferrites is
low and the hindering effect is weak.

3.4. Activation energy for non-isothermal crystallization

To obtain an insight into the relation between non-iso-
thermal crystallization and composite intrinsic character-

isticc the activation energy upon non-isothermal
crystallization condition could be estimated as follows
[62]:

dlin(a/T)] ~ AE, (10)
d1/T,) = R’

where R is the universal gas constant, AE, is the crystalli-
zation activation energy. The crystallization activation en-
ergy could be obtained from the slope of the plot of In(a/
sz) versus 1/T,, according to Eq. (10), as shown in
Fig. 11. The linear concentration dependence of AE, is ob-
served over a concentration scale less than 20 vol % and
starts a deviation with the concentration up to 46 vol %
for the rough ferrites inside sample. Note that, the ferrite
particle surface area is also as a linear function of particle
quantity. As the minimal particle length is an order of mag-
nitude larger than Kuhn length of PA6 chain, and therefore,
we envisage that the ferrites with various size lengths are
equal to the influence of the motion of chain segments.
Lots of researches have already confirmed that the size dis-
tribution did not affect the crystallization process
[11,23,25,63]. The other presumption is the thickness of
interfacial space for particles with different size, is equal.
Thus, we believe that the concentration of particles was
as a reverse function of AE,. It is clear that the deviation
of PA6-46 in Fig. 11 is attributed to the particle agglomer-
ation. The plot of AE, against ferrite concentration, there-
fore, also can evaluate the dispersion performance of
hydrophilic fillers within hydrophobic polymer.

The AE, increases with the increase of modified ferrites,
indicating that the enhanced interaction requires more en-
ergy to arrange the segments upon crystallization. Since
only two data is obtained in our measurement, we do not
precisely confirm the relation between enhanced interfa-
cial area and AE,, which also could be severely impacted
by agglomeration or incomplete modification. But it still
demonstrates a strong interfacial strength of particle-poly-
mer layer and is grounds of argument to support the exper-
imental observations and discussions above.
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Fig. 11. Crystallization activation energies AE, of the PA6 as a function of
ferrite concentration. The error bars indicate the average of total 10
measurements preformed by different samples.
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4. Conclusion

Polyamide 6 bonded ferrites was prepared by melt
extrusion. The highly filled rough ferrites within PA6 gave
rise to a distortion and damage of PA6. The study on non-
isothermal crystallization revealed that the highly filled
ferrite particles with irrespective of surface nature could
severely hinder the motion of surrounding chain segments.
However, a blurry interface between silane modified fer-
rites and PA6 matrix was observed, implying a good inter-
facial strength. Increasing this type of enhanced interfacial
area between polymer-particles could promote the heter-
ogeneous nucleation. A good interaction however, could
also slow the motion of surrounding chain segments of
particle. PA6-5 obtain a high crystallinity on the basis of
a different mechanism: the addition of a small quantity
of ferrites into PA6 matrix made it possible to arrange
the chain segments into crystal lattice even at a relatively
low temperature because some extra space introduced by
interfacial layer, promoted the mobility of chain segments.
The crystallization kinetic of PA6 bonded rough ferrites re-
veal the effect of extra space on crystallization process al-
ways exists and is distinct only if both the cooling rate and
concentration of hydrophilic ferrites are low. In a word, the
slowing effect, heterogeneous nucleation, hindering effect
and extra space within polymer matrix act concurrently
upon crystallization process. The Mo method was found
to be effective in describing the non-isothermal crystalliza-
tion of polyamide 6 boned ferrites. The plot of AE, against
ferrite concentration also could be utilized to evaluate a
dispersion performance of hydrophilic fillers within hydro-
phobic polymer.
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