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polyamide 6 (PA6). This reactiontakes place at a significantly faster reaction rate

and gives a narrower molecular weight distribution than the other techniques.
Due to this advantage, ‘anionic polymerization of e-caprolactam towards PA6 in melt
blending was investigated in this work. PA6 was prepared in an internal mixer via melt
polymerization of e<caprolactam as a monomer with sodium caprolactam as its catalyst
and hexamethylene diisocyanate as an activator. The effects of various concentrations
of catalyst and activator'on the initiation time of the reaction and on the residual
monomer were determined. The residual monomer was collected using a solvent
extraction' method: and determined by GC-mass technique. The physical and
mechanical properties of the PA6 prepared via melt blending and of a commercial PA6
prepared ‘were determined by differential scanning calorimetry (DSC), thermal
gravimetric analysis (TGA), tensile and impact tests. The experimental results showed
that addition of 3% catalyst and 3% activator to the formulation gave the best
properties. These conditions led to the lowest residual monomer and better
mechanical properties as well. The other novel aspect of this investigation was the
formation of nanofibril during melt polymerization of e-caprolactam. Mechanical
properties showed that the PA6 prepared by using this technique and the
above formulation were similar to the PA6 commercial grade.

Q nionic ring-opening polymerization of e-caprolactam leads to the formation of

INTRODUCTION

Activated anionic polymerization
of e-caprolactam occurs at a
significantly faster rate than the

[1-4]. The presence of an
anionically activated monomer and
an activator are the essential

other techniques, e.g., hydrolytic
systems. Anionic polymerization of
e-caprolactam has been used for
the direct fabrication of parts via
monomer casting or reaction injec-
tion moulding (RIM). High resid-
ual monomer and low mechanical
properties are characteristics of the
products in comparison with
hydrolytic polymerized PA6 parts

conditions for starting the anionic
polymerization of e-caprolactam,
which is most often found as an
akaline salt. The anionic polymer-
ization of e-caprolactam requires
the presence of an anionically
activated monomer, the lactam
anion [1]. By the reaction of
g-caprolactam with the e-capro-
lactam anion, an N-acyllactam
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structure (a non-ionic growth centre of polymeriza-
tion) is formed. Propagation consists in a repeated
addition of the lactam anion on the carbonyl of the
preformed N-acyllactam group [2]. The polymeriza-
tion can be accelerated by addition of substances
having N-acyllactam structure (direct activators) or
by forming N-acyllactam structure in situ through the
reaction of lactam with anhydrides, chlorides, esters,
isocyanates, etc. (indirect activators) [2,3]. These
substances are considered to be the activators of
anionic polymerization.

The catalyst and activator are key components of
the anionic e-caprolactam polymerization and
consequently its reaction kinetics. The degree of
polymerization and other properties of the resulting
polymer depend on the type, method of preparation,
quality and quantity of the activator and catalyst.
Only the correct ratios of monomer, activator and cat-
ayst would ensure a compl ete reaction, which means
it would give the least monomer residue [1,3].
Moreover, the processing parameters and techniques
may also affect the degree of polymerization, which
is the critical parameter for PA6 properties [1,5,6].
In their work, Fornes et al. [7] have established the
existence of two crystalline forms of PAG6, i.e; an
o-phase and athermodynamically less stable y-phase,
giving rise to the wide angle X-ray. diffraction
(WAXD) peaks at 19.6° (o7), 23.5% (o) and 21.3°
(y)- Anionic polymerized PA6, which was prepared in
this study, showed three absorptions in agreement
with the results obtained by Forneset a. Also, in this
work, by using sodium caprolactam together with an
activator, i.e., hexamethylene diisocyanate (HDI) and
specific process conditions, e.g., temperature, mixing
conditions etc., we reduced the residua monomer
content compared to the other techniques. In situ
fibrillation of low viscosity dispersed phase in a high
viscosity matrix during a shear mediais a known fact
which has been reported in many articles. For
example micro- or nanofibril composites (MFCs or
NFCs) are created by blending two polymers which
have different melt viscosities such as PE and PET
[8,9]. We finally investigated the morphology of the
anionic polymerized PA6. In this research our
objective was to study fibril morphology in a
simultaneous process which had not been observed in
other research works.

EXPERIMENTAL

Materials

The monomer used in this project was e-caprolactam
supplied by BASF Co., Germany. Hexamethylene
diisocyanate (HDI), used as an activator, was
obtained from Rhodia, France. The catalyst, sodium
caprolactam was prepared via the reaction of sodium
and caprolactam in a glass reactor under nitrogen
atmosphere at 120°C for 35 min. For comparison, the
mechanical properties of PA6 commercial grade,
Akulon®F236 from DSM, Netherlands, were used as
reference.

PAG6 Preparation

Polymerization of e-caprolactam (Table 1) was
carried out in a 300 mL chamber of a Haake type
internal mixer model Sys 9000 for sample
preparation and subsequent evaluations. The rotor
speed during compounding was fixed at 150 rpm. The
mixing time for all samples was between 6 to 12 min
and the mixing temperature was set at 230°C. Sample
Dreactor Was polymerized in a standard glass reactor
under nitrogen atmosphere at 230°C.

Residual Monomer Characterization

Different methods have been proposed to determine
the conversion of monomers to polymer. Among
these methods, which include gravimetric technique

Table 1. Formulation of different polyamide samples
polymerized in Haake mixer.

Code Epsilon- Na- Hexamethylene
caprolactam | caprolactam | diisocyanate
1 (A 96 3 1
2 |B 95 3 2
3 |C 96 1 3
4 |D 94 3 3
S | Dreactor 94 3 3
6 |E 97 2 1
7 |F 96 2 2
8 |G 95 2 3
9 |H 94 3 4
10 (1 94 4 3
11 |K 94 4 4
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and GC-mass model Ailent 6890 series GC system
5793 Network MSD HP-5ms, we found that the gravi-
metric method was the most useful technique. This
was based on the ratio of the mass of polymerized
products of which the residual monomers were
removed by solvent extraction. We used methanol as
a solvent for Soxhlet extraction of unreacted
e-caprolactam for 24 h. Then, the samples were dried
in a vacuum oven for 10 h. GC-mass was used for
confirming the Soxhlet extraction results for the
samples showing the lowest residual monomer
content.

Weight-average Molecular Weight

The weight-average molecular weight, VW, of PA6
was determined by intrinsic viscosity measurements
in 85% formic acid at concentrations of 0.1, 0.2 and
0.3 g/dL using a suspended level Ubbelohde
viscometer thermostated at 27°C [10-12].

Physical and Mechanical Properties

After polymerization, all samples were dried in the
vacuum oven for 24 h at 70°C. PA6 samples were
shaped using compression moulding under nitrogen
atmosphere in three steps. First the samples were
pre-heated at 245°C for 15 min, then compressed at
30 MPafor 15 min and at the end they were cooled for
30 min.

The mechanical properties of-the samples were
evaluated at 23°C by tensile measurements using an
Instron 6025 (England) machine according to the
ASTM D 638 test method (10 mm/min). The impact
properties of the samples were evaluated using a
Zwick (5102 Germany) impact machine according to
the ASTM D256 testing.method. A minimum of five
samples was tested in each series for determination of
tensile and impact properties. The thermal properties
were determined by differential scanning calorimetry
(DSC) on Netzsch-Maia-200F3 instrument. Testing
conditions were subjected to heat-cool-heat cycles
from -50°C up to 240°C, where the heating and
cooling rates were 10°C/min according to the ASTM
D3418-03 test method.

For X-ray diffraction (XRD) a Siemens D5000
instrument was used and the samples were tested
under 35 kV and 20 mA and detections were made
between 15 and 30 degrees. All samples were disks of
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1.6 mm in thickness and 25 mm in diameter.

Thermal gravimetry analysis (TGA) was
performed for detecting degradation mechanisms of
the samples. TGA tests were conducted under
nitrogen flow from 35°C up to 600°C and then up to
1000°C in air. The heating rate was 10°C/min.

The morphology of polymers was observed by
using scanning electron microscopy (SEM) model
Hitachi S-4700 with cold field emission gun. All
specimens were fractured in liquid nitrogen also for
proving the existence of the fibril, the morphology of
the thin cast film was used and then samples coated
with Pt via vapour deposition to avoid charging by the
electron beam.

In order to understand the chemical structure of the
samples, infrared spectroscopy technique was used on
thin films by using a Bruker, Equinox 55, FTIR
spectrometer. The FTIR samples were moulded by
compression at 250°C and 200 bars for 5 min. All the
employed equipments are located at Iran Polymer and
Petrochemical Institute.

RESULTS AND DISCUSSION

Synthesis of Polymer

Figure 1 shows the torque versus mixing time for
different formulations. In all cases, the torque startsto
increase at a time, which is caled reaction or

35
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= 20 - (%) F
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Figure 1. Torque-time curves at 150 rpm and 230°C for
different formulations (Table 1) in a Haake mixer.
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Figure 2. Effects-of catalyst (a) and activator (b) on the
initiation reaction time.

initiation time. Its duration has been between 6 min
up to 12 min, depending on the formulation. It is
known that the polymerization of caprolactam/Na
caprolactam does not start without an activator. After
the addition of only 1% of HDI, the polymerization
takes place in a few minutes, which is due to the
lower activation energy required for the nucleophilic
attack of the anion caprolactam to its activated |actam
group and the starting of the polymerization reaction
by the presence of HDI. For all samples except
sample C, the torque curves increased very rapidly

after about 5 min of mixing, indicating the starting
point of the polymerization. It reached maximum 6
min later and then decreased very rapidly, indicating
the end of polymerization [13].

Increasing the amount of catalyst (Na caprolac-
tam) (Figure 2a) and the activator (HDI) (Figure 2b),
it would decrease the time needed for the polymer-
ization reaction, but the effect of Na caprolactam is
more pronounced than that of HDI. The polymer-
ization time of all samplesin Haake mixer islessthan
15 min, except for catalyst/activator:1/3 of formulation.

Since the molecular weight of PA6 is difficult to
determine because of the limited solubility of PAG,
two techniques were tried to characterize the
molecular weight of PAG6. First, the maximum torque
during the polymerization of e-caprolactam in the
Haake mixer was used for comparing the molecular
weight of different PA6 formulations. The maximum
torque was attributed to the largest molecular weight
of PA6 generated during the melt blending. It can be
seen that increasing the amounts of catalyst and
activator in the formulation increases the molecular
weight of PA6 with asignificant increase in torque as
shown in Figure 1.

Characterization of Polymers

Intrinsic Viscosity Measurements

The molecular weight, M,,,, of PA6 was estimated
from intrinsic viscosity measurements using [12]:

— — 1.35
Mw = My = 281x10% 7] (1)

The results are reported in Table 2. It is seen that M,
decreases with decreasing catalyst and/or activator
contentsin the PA6 formulation. It has the same trend
with the results determined by maximum torque in
the Haake mixer. Both techniques confirm that the
largest M,, is for the catalyst/activator:3/3 formu-
lation (sample D). Moreover, a dlight increase in M,
was observed for the same formulation prepared in
the glass reactor (sample Dygqeior)- AlSo the M, of
PA6 of the catalyst/activator:3/3 formulation is
larger than that of the PA6 commercia grade, which
was determined using this technique [10-12].

Residual Monomer Determination
The residual monomer was determined using two

¥4 Iranian Polymer Journal / Volume 19 Number 3 (2010)



Table 2. Intrinsic viscosity and molecular weight, Mw of PA6
samples and commercial PA6.

Code [n] Mx10-4

(dL.g?) (g/mol)
1 A 1.28 3.92
2 B 1.42 451
3 C 1.14 3.35
4 D 1.72 5.84
5 Dyeactor 1.79 6.16
6 E 1.08 3.11
7 F 1.21 3.63
8 G 1.18 3.51
9 H 1.71 5.84
10 | 1.72 5.84
11 K 1.72 5.84
12 Commercial PA6 1.60 5.30

techniques: solvent extraction and a GC-mass
technique. However, the GC-mass technique was used
only with the best PA6 formulation in order to
confirm the solvent extraction result. Methanol was
used as the extracting solvent for removing the
unreacted caprolactam monomers. Figure 3 showsthe
effect of catalyst concentration on the. residual
monomer content of the samples against percentage
activator content. This figure clearly shows that
increasing the both contents dramatically affects the
residual monomer content. “The residual monomer
content was reduced to 129 PPM for PA6 containing
3% catalyst and 3% activator. However, ho more
reduction was obtained when the sodium caprolactam
and HDI were increased over 3%. The result obtained
via the GC-mass test. show that the residual monomer
content in sample D containing 3% catalyst and 3%
HDI was 129 ppm, confirming the validity of Soxhlet
extraction results.

In the results reported by Liang et al., Ueda et al.,

Table 3. Characteristics of the nanofibrils.
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Figure 3. Effect of catalyst and activator contents on
residual-monomer determined from Soxhlet extraction.

and the other researchers [1,10,11], the maximum
conversion of e-caprolactam was reported to be
around 98% (2% residual monomer). However, the
residual monomer content (Figure 3) in thiswork was
about 129 ppm; hence much lower than reported in
the cited references for the same molecular weight.
The improvement in the polymerization efficiency is
believed to be caused by the use of a double
functional cyanate (HDI).

Morphology
Figures 4a-4f show SEM morphologies of PA6
produced via anionic ring opening polymerization.
These consist of two phases, the first one is the
normal matrix and the second one is nanofibril. For
the glass reactor based sample (Figures 4e and 4f) it is
clearly shown that the size of the nanofibril is
larger than samples produced in the Haake mixer
(Figures 4a and 4b).

It is observed from Figure 5 that SEM results

Sample Length Diameter Aspect ratio Concentration of
(nm) (nm) (L/D) nanofibrils (um?2)
D 550 75 7.33 9
Dyeactor 630 75 8.40
H 900 76 12.00 9

Iranian Polymer Journal / Volume 19 Number 3 (2010)
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Figure 4. SEM micrographs for polyamide sample D (a and b), sample H (c and d), sample D,g4ctor (€ and f)
and commercial PA6 (g and h).

which are taken from thin cast film also show similar
nanofibril.

By increasing the level of HDI, the size of the
nanofibril became larger as well, but the diameter and
number of fibril remained almost the same, as shown
in Table 3. The SEM micrographs of commercia
PA6 (Figures 4g and 4h) do not show any fibrous
morphology.

(h)

Because the HDI is an activator, increasing
amount of activator can increase active polymeriza-
tion sites. Due to this action, more value of catalyst
must be involved in polymerization process. This
effect can improve efficiency of polymerization and
increase the size of nanofibrils. HDI has two active
sitesfor polymerization and it isvery sensitive against
impurities such as humidity. Each site of the activator
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Figure 5. SEM micrograph of sample D as a cast thin film.

greatly influences the polymerization degree and the
resultant chain length. Sudden inactivation of a site
during polymerization terminates the growing poly-
mer chains propagated from that site. However, poly-
merization will continue from the other active sites to
produce higher molecular weight polymer chainswith
higher viscosity than those of immature chains. The
difference between viscosities of two grades of PA6 is
responsible for forming nanofibril composites during
reactive melt blending. Finally,» nanofibrils were
produced during the reactive polymerization.
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DSC Analysis

The DSC results reported in Table 4 are based on a
melting endotherm peak during the heating scan and
a single crystallization exotherm during the cooling
stage. The crystallinity content of PA6 was estimated
from AH; measurements by the following equation
[7,19]:

AH f sample

Crystallinity(%) = %100, AH {0 =20

§0
)

With increasing size of thefibril from samplesH to D
a shoulder appears near T,,, which can be assigned
to the formation of nanofibril (Figure 6). Other
researchers relate this melting point to the vy
crystallineform [3,7].

DSC curves for samples D, D,ggetor @d H show
the occurrence of a shoulder as nanofibrilsare formed
and increased in length. Aliphatic polyamides, such
as PAG6, are well known for their strong hydrogen
bonding (H-bonding) ability. Although al possible
H-bonds are neutralized in the crystalline regions a
vast majority are consummated in the amorphous
regions [7]. Furthermore, a significant fraction of
H-bonds remains even in the molten state. These
strong H-bonding characteristics dominate the
physical behaviour of PA6.

Table 4. DSC results for PA6. samples polymerized during melt blending and for the commercial PAG6.

Code T, T AH, AHg Xe

(°C) 0 J.gY .99 (%)
A 155.2 205.0 15.9 18.7 9.12
B 156.0 205.4 16.8 19.2 9.36
C 156.5 203.5 15.1 16.5 8.04
D 157.4 214.2 48.1 51.2 24.95
Dreactor 168.6 216.6 54.7 55.2 26.91
E 154.2 203.0 15.2 17.3 8.44
F 155.0 207.0 14.6 17.8 8.70
G 152.0 208.0 15.6 18.0 8.80
H 158.0 212.0 46.3 47.2 23.02
| 157.2 212.0 453 45.2 22.04
k 157.4 213.0 44.2 45.6 22.24
Commercial PA6 173.2 219.0 65.3 64.8 31.60
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Figure 6. Melting DSC curves for the commercial PA6, D,
Dreactor @aNd H samples.

Comparing sample Dyggetor With that of sample D,
their molecular weights were equal but sample
Dreactor Nad lower residual monomer content. The
residual monomer increased the humidity absorption
of PA6 and the humidity destroyed hydrogen bonds of
the PA6 chains and reduced the crystalline content
[13-15]. The higher T, for the high MW may be the
result of more ordered crystalites, e.g., fewer chain
ends lead to a better chain folding and packing. This
difference between the crystalline content affects T,,,;
(melting point for the first cycle). The presence of
impurity in the materials or the production of side
products during melt blending in the Haake mixer is
much more likely to happen than.in a glass reactor
under nitrogen atmosphere, so.that impure products
can reduce the molecular weight as observed in Table
2 for samples D and Dyggetor- This reduction of
molecular weight and increasing residual monomer
content has lowered T (crystallization temperature)
due to the increasing molecular motion and
plasticizing effect. Comparing samples D and H, the
effect of molecular weight on T,, is much more
important than that on T.. Increasing the level of
catalyst and activator results in a PA6 of
reduced residual monomer content, as mentioned in
the case of caprolactam's effect on moisture
absorption; as it also leads to an increased hydrogen
bonding [3].

DSC thermograms show shouldersfor T, and T,1,
which are assigned to the vy crystaline
structure. The values reported in Table 3 for AH,
(enthalpy of crystallization), AH¢4 (enthalpy of fusion

5000

4000 J Commercial PAG D

3000 -

2000 -

Intensity (counts/s)

1000 -

o

15 20 25 30
20 (degree)

Figured. Wide angle X-ray diffraction profile for sample D,
sample Dy gaetor @and commercial PAG.

forthefirsteycle), and %y (crystalline content) show
the sametrend.

X-ray Analysis

Figure 7 shows the WAXD results for two PA6s
prepared via anionic polymerization and compared to
that of the commercial PA6. The WAXD pattern of the
commercial PA6 (Figure 7) exists in o (o and o)
form, which is more thermally stable than the y-form
[3,16]. The polymerized PA6 samples of this work
show three absorption peaks that are appeared in the o
form (19.6° and 23.5°) and y (21.3°). Samples
produced in the glass reactor (Dygactor) SHOW higher
absorption peaks compared to samples prepared in a
Haake mixer. For example, Hornsby et al. [3] obtained
the a- and y-crystaline forms by slowly cooling the
samplesin air, whereas, on annealing at 180°C for 90
min only the y-crystalline form remained [3,7,17,18].
The sources of difference between the crystalline
forms for the reactive polymerized PA6 and the
commercial product are the narrower molecular
weight distribution of the PA6 produced by anionic
polymerization and the formation of less H-bonding,
which leads to the creation of o- and y-crystalline
forms. The crystallinity content of PA6 was estimated
from area (A) of each peak (Figure 8) using [19]:

= A’ %100
Ay + A1t Ag2 ®3)

72{s3 Iranian Polymer Journal / Volume 19 Number 3 (2010)
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Table 5. XRD results for PA6 samples polymerized during melt blending and the commercial PA6.

Code ol Y o2 Crystalline content
(%) (%) (%) o
A 2.8 4.1 2.7 9.6
B 3.1 3.9 3.1 10.1
C 2.1 3.6 2.7 8.4
D 9.1 7.3 14.0 30.4
Dreactor 16.0 6.3 18.0 40.3
E 2.3 3.9 2.9 9.1
F 2.6 4.0 3.1 9.7
G 2.9 4.2 35 10.6
H 7.9 8.2 12.9 29.0
| 7.2 8.4 13.9 29.5
k 7.1 8.5 13.2 28.8
Commercial PA6 19.0 - 22.0 41.0
A first stage under nitrogen atmosphere up to 600°C are
oy (%)=———"—"—x100 (4) due to the fact that there are few residues of the
A Aot Anz coprolactam monomer in the matrix. This catalyst
residue could induce the decomposition of PAG6 at a
lower temperature. Also alarger molecular weight can
o (%)Zﬁxmo (5) increase the thermal stability of PA6 samples. For
Y Aont Az a closer observation, the TGA data at 10, 30 and
50 wt% weight loss temperatures and Tpeqe are
Crystallization (%) = x 100 summan zedin Teble 6. .
Ac + Ay (6) Itisfound that for the larger molecular weight PA6

The XRD results reported in Table 5. confirm the
crystalline contents calculated from the DSC results
(Table 4). Table 5 shows'that with the increasing
v-crystalline form, the size of the'nanofibril increases
(Figure 4 and Table 3) and shoulders in the melting
peak DSC curves are:more pronounced (Figure 5).
Thus, it appears that the nanofibril improved
formation of the y-crystalline form.

TGA Analysis

Typical TGA showed the weight loss and derivative
thermograms (DTG) of samples D, Dy ggetor » H, E @nd
A were under nitrogen atmosphere but it changed to
air atmosphere at 600°C. The degradation behaviour
can be observed under both nitrogen and air
environments in Figures 9a and 9b. The onset
temperature of degradation (T, and the
temperature at maximum mass loss (Tpeak) for the

samples the thermal stability increases to higher
temperatures, like 10.6°C for 10%, 26°C for 30% and

Intensity (counts/s)

20 (degree)

Figure 8. Schematic XRD wide angle X-ray diffraction
profile for PA6 [19].
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Table 6. TGA data for different formulations of melt
polymerized PA6.

Sample | Tiowwoe | Tsowe | Tsowwe | Tpeak2
(°C) (°C) (°C) (°C)

D 278.8 302.2 317.8 340.5

Dreactor 287.0 | 3270 | 3550 | 3635

H 277.4 300.8 316.8 327.5

A 278.0 300.0 312.0 323.0

E 276.4 301.0 312.0 320.0

43°C for 50% weight loss. The differences between
the curves for samples D, Dygqctor, H, A and E in
Figure 9b and data of Table 6 are due to differencesin
molecular weight (Table 2).

The differences between T ey for samples D and
H, which have very similar molecular weights, may
be caused by a difference in their molecular
structures. Samples D and H have the same residual
monomer and molecular weight, but sample H has
more nanofibrils than sample D as shown in Figure 4
and Table 3. It appears that the presence of nanofibrils
decreases Tpeqeo.

IR Analysis
FTIR absorptions of the PA6 samples made by
reactive blending and the commercial PA6 are
compared in Table 7. Close agreement.is observed and
the slight differencesin the intensities and positions of
the bands, especially the NH and CH,, bands, are rel at-
ed to the polymer molecular weight.

The NH hydrogen absorption bands at 3270,
3301 and 3315 cm- for sample:Dyeycior (M, = 6.167

..................................................................................... Ahmadi S et al. :
5.0
= A
O 20+ E
S
15 \‘
R
2
2 104 D
= Dreactor
& 05
o
0.0 ; . :
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(@
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& 80
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o
£ 401 B D
‘© A Dreactor
= 5]
D I 1 T I T
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(b)

Figure 9. DTG (a) and TGA (b) curves for samples D,
DReactor and H.

x 104 g/mol), the commercia PA6 (M,, = 5.30 x
104 g/mol), and sample A (M,,, = 3.9313 x 104 g/mol),
respectively, show an increase in the frequency of
absorption with increasing molecular weight. The
observed decrease in the position of these bands to

Table 7. Assignment of the FTIR absorption bands for the commercial PA6 and PA6 samples made by reactive blending.

Band assignment A B Cc D |Dieactor| E F G H I K | Commercial

(cm1) PA6
NH Stretching H-bonded | 3315 | 3310 | 3321 | 3290 | 3270 |3322( 3316 (3320|3290 3290 | 3290 3301
CH, asymm. (aliphatic) | 2910 | 2915 [ 2910 [ 2950 [ 2980 | 2905 | 2950 | 2950 [ 2950 | 2950 | 2950 2930
CH, symm. (aliphatic) 2860 [ 2860 | 2855 | 2852 | 2850 |2858 | 2860 | 2855 | 2852 | 2852 | 2852 2850
Amide I, C=0 1680 | 1670 | 1670 | 1666 | 1665 |[1681| 1670 | 1677|1666 (1666 | 1666 1650
Amide II, NH 1552 | 1550 | 1552 | 1545 | 1545 | 1552 | 1545 [ 1550 [ 1545|1545 | 1545 1550
- 1470 | 1473 | 1470 | 1475 - 1470 | 1475 | 1475 | 1475] 1475 | 1475 1475
- 1461 | 1461 | 1461 | 1461 | 1461 |1461| 1461 | 1461 | 1461|1461 | 1461 1461
- 1440 | 1440 | 1440 | 1440 | 1445 | 1440 | 1440 | 144014401440 | 1440 1440
CH, deformation 1420 | 1420 | 1420 | 1420 - 1420 | 1420 | 1420 | 1420 ] 1420 | 1420 1420

238

Iranian Polymer Journal / Volume 19 Number 3 (2010)



Novel Anionic Polymerization of e-Caprolactam ...

Table 8. Mechanical properties of the commercial PA6 and the anionic polymerized PA6.

Tensile properties Impact properties
(Sekes Elongation-at-break | Stress-at-break Young's modulus Notched impact
(%) (MPa) (MPa) (kJ/m?2)
A 3.0 (0.72) 5.0 (1.90) 45 (7.61) 2.2 (0.60)
B 12 (2.50) 12 (1.02) 193 (11.05) 2.9 (0.68)
C 76 (5.00) 64 (2.32) 621 (9.08) 10.9 (1.30)
D 130 (8.32) 69 (2.11) 964 (10.36) 13.2 (1.10)
Dreactor 160 (9.12) 87 (3.02) 1210 (11.60) 11.2 (1.12)
E 30 (2.05) 24 (3.11) 143 (13.21) 1.3 (0.32)
F 32 (2.00) 43 (4.51) 230 (11.25) 2.3 (0.95)
G 60 (3.12) 49 (3.38) 258 (12.20) 2.4 (0.65)
H 128 (5.31) 66 (3.82) 760 (10.20) 12.5 (1.02)
| 125 (7.31) 67 (4.62) 768 (9.52) 12.2 (0.98)
K 128 (9.11) 71 (4.25) 765 (10.32) 12.7 (0.85)
Commercial PA6 50 (3.52) 74 (5.20) 1030 (8.65) 8.0 (1.02)

lower wavenumbers appears to follow theincreasein
molecular weight of PA6 and the resulting increasein
interchain hydrogen bonding.

The CH,, stretching bands appear at 2950, 2930
and 2910 cm® for sample D, the commercial PAG,
and sample A, respectively, also show an increase in
frequency of absorption peak with increased
molecular weight. The PA6 sample of the:largest
molecular weight shows only two.absorption peaks
around 1461 and 1445 cmr1. The report published by
Hornsby et al. [3] showed also the same effect of
molecular weight on the ‘@bsorption peaks [3,20].
Consequently, the order in the.molecular weight of
the polyamide according to their absorption bandsis:

Dreactor > D, H, I, K'> commercial PA6 > B, F>C
>A,GE

Therefore, the absorption band position substantiates
the results for the molecular weight reported in
Table 7.

Mechanical Properties

Key results for the mechanical properties are report-
ed in Table 8. The numbers in parentheses are the
standard deviations. The best properties are obtained
for the formulation D which contains 3% sodium

caprolactam and 3% HDI, and increasing the level of
catalyst and activator to more than 3% did not change
the mechanical properties significantly. For samples
D and Dyggetor the mechanical properties are close or
even better than those of the commercia PAG.
Anionic polymerization method can produce poly-
mers with lower PDI (polydispersity index) than
other polymerization methods which can improve
impact properties. Also according to molecular
weight detection of PA6 samples (Table 2) higher
elongation-at-break of sample Dyggctor May be
related to higher molecular weight of this sample.

CONCLUSION

In this work, a reactive polymerization of
e-caprolactam inside an internal Haake mixer has
been realized. Using awide range of characterization
techniques such as XRD, GC-mass, DSC, TGA and
tensile strength and impact the properties of the PA6
samples produced have been analyzed. The results
showed that by adjusting the activator and the
catalyst level the physical and mechanical properties
of the anionic polymerized PA6 samples approached
those of commercial grade produced via other
methods. Other results of interest for this work are

Iranian Polymer Journal / Volume 19 Number 3 (2010)
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the negligible residual monomer content and the high
polymerization rate. Finally, nanofibrils were
produced during the reactive polymerization.
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