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ABSTRACT: Nylon 12 was successfully synthesized in a
twin-screw extruder via the anionic ring-opening polymer-
ization of lauryllactam (LL). Maleated low-density polyeth-
ylene (LDPE–MAH) was added to improve the mechanical
properties of nylon 12. The in situ blends of nylon 12 and
LDPE–MAH were characterized by mechanical testing and
scanning electron microscopy. With increasing LDPE–
MAH content, the tensile strength and flexural strength
decreased, whereas the blend had improved impact
strength and achieved supertoughness when the content

of LDPE–MAH was 30 wt %. In the in situ formed low-
density polyethylene-g-PA12 copolymer, the domain of the
LDPE–MAH phase was finely dispersed in the nylon 12
matrix. The good interface between the two phases dem-
onstrated that LDPE–MAH could be used as a macromo-
lecular activator to induce the polymerization of LL. VVC 2009
Wiley Periodicals, Inc. J Appl Polym Sci 114: 2662–2672, 2009
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INTRODUCTION

The rapid anionic polymerization of lactams has
received considerable attention since its discovery in
the 1950s.1–24 Fast reaction kinetics, a clean polymer-
ization reaction without any byproducts, and a crys-
talline end product make the anionic ring-opening
polymerization of lactam a competitive choice for
the application of reaction-injection molding, rota-
tional molding, and reactive extrusion and for subse-
quent continuous shaping to form extrusion profiles
and melt-spun fibers. In 1969, Illing25 wrote the first
description of the polymerization of lactams in a
corotating twin-screw extruder. He used a ZSK 53
twin-screw extruder to manufacture polyamides 6
and 12 with a molecular weight of 70,000–100,000 g/
mol at throughput rates of 27–43 kg/h. The anionic
ring-opening polymerization of lactams to generate
polyamides has also been studied quite extensively
by Sebenda,9,26 Wichterle and coworkers,5,10–12 and

Gabbert and Hedrick27 in industry. Caprolactam
is by far the most studied lactam, and the nylon 6
prepared by this route compares favorably in prop-
erties with that prepared by conventional hydrolytic
polymerization. However, the continuous poly-
merization of lauryllactam (LL) has seldom been
studied.22

The engineering application of in situ polymerized
polyamides requires a substantially higher tough-
ness than that given inherently by the related sys-
tem. This is probably the driving force to develop
new systems. According to the additive dissolving
properties of lactam, these systems can be divided
into two kinds. One is a homogeneous system in
which the additive can dissolve in lactam. The other
is heterogeneous system in which additive cannot
dissolve in lactam. The additives of the former sys-
tem include polyamide, polystyrene (PS), polyur-
ethane, poly(phenylene oxide), and so on.28–30

Additives of the latter system include functionalized
polypropylene (PP), polyethylene (PE), and so on.
Because of the larger interface area between the
additives and lactam, it is easier to achieve good dis-
persion and in situ compatibilization for a homoge-
neous system than for a heterogeneous system.
Therefore, it is more difficult to study a heterogene-
ous system, especially when lactam is the matrix. So
far, there have been few reports about
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heterogeneous systems. The team of Hu and co-
workers31,32 reported polypropylene (PP) and poly-
amide (PA6) blends that were synthesized via in situ
polymerization and in situ compatibilization. In
their studies, polypropylene-graft-3-isopropenyl-a, a-
dimethylbenzene isocyanate (TMI) was used as a
macromolecular activator to induce the in situ poly-
merization of caprolactam. The effects of this method
on phase dispersion and compatibility were both
obvious. However, they only studied the system in
which PP was the matrix. What is the situation when
lactam is the matrix? Moreover, the mechanical prop-
erties of such a system have not been reported.

Compared with PA6, little information is available
on toughened nylon 12 (PA12) that has been in situ
polymerized. Wollny et al.33 used poly(ethylene-co-
butyl acrylate) to toughen PA12 by in situ formation
and compounding. In this system, poly(ethylene-co-
butyl acrylate) was dissolved in LL. Therefore, it is
very challenging to study a heterogeneous reactive
system of maleated low-density polyethylene (LDPE–
MAH), LL, and other reactants for the synthesis of
toughened PA12 blends. In this article, we synthe-
sized toughened PA12 via the polymerization of LL in
a twin-screw extruder with LDPE–MAH as an addi-
tive. The molecular weights, molecular weight distri-
butions, residual monomer content, blend
morphology, and mechanical properties of PA12 and
PA12/LDPE–MAH blends were investigated.

EXPERIMENTAL

Materials

LL, with a density of 0.9 g/cm3, was supplied by
Degussa A.G. (Germany), and it was used as received.
N-Acetyl caprolactam (ACL) as a coinitiator was pur-
chased from Aldrich Chemical Company (Germany).
Sodium hydride (NaH) as an initiator was purchased
from Shanghai Chemical Reagents Company (China);
it contained 45 wt % mineral oil. LDPE–MAH (Sur-
bond ME21G), with a graft ratio of 0.8 wt %, was pro-
vided by Lianyong Plastic Technology, Ltd (China).

Processing

Preliminary experiments on anionic LL polymeriza-
tion with the described initiator/activator system
were carried out in a Thermo Haake Polylab system

Figure 1 Screw configuration and temperature (T) of
zones.

Figure 2 Plots of the torque and material temperature as
two functions of time during the polymerization of LL at
three different system temperatures: (a) 230, (b) 250, and
(c) 270�C. [I]/[A] ¼ 1/1 and [LL]/[A] ¼ 100/1.

Figure 3 Shows the effect of different initiator/activator
ratios ([I]/[A]) on the polymerization at 250�C: (a) [I]/[A]
¼ 2/1 and (b) [I]/[A] ¼ 1/1. [LL]/[A] ¼ 100/1.

Figure 4 Effect of different monomer/activator molar
ratios on the torque and material temperature during the
polymerization of LL at 250�C: (a) [LL]/[A] ¼ 100/1 and
(b) [LL]/[A] ¼ 50/1. [I]/[A] ¼ 1/1.
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equipped with a 60-mL mixing chamber. The reac-
tion mixtures were prepared in a 250-mL, round-bot-
tom flask equipped with a magnetic stirrer and a
nitrogen inlet. At first, 122 mg (2.54 mmol) of NaH
reacted with 50 g (253.8 mmol) molten LL at 170�C;
then, the mixture was cooled and made into
small solid pellets. ACL (394 mg, 2.54 mmol) was
mixed with the pellets with a microinjector. Then,
the mixture was added to the chamber. The filling
ratio of the internal mixer was between 85 and 90%.
The polymerization reactions were performed at
three different temperatures: 230, 250, and 270�C.
The rotator speed was 60 rpm. After 10 min of reac-
tion time, the melts were quickly quenched between
metal plates.

The reactive extrusion polymerization was carried
out in an intermeshing corotating twin-screw ex-
truder (TE-35, Nanjing Keya). The length-to-diameter
ratio was 38, and the diameter was 35 mm. The con-
figuration of screws, presented in Figure 1, was simi-
lar to that of the extruder for the continuous
polymerization of e-caprolactone.34 The temperatures
of different zones are also shown in Figure 1. The
first zone was a transporting zone. The second zone
was a melting zone where the reactants could be
completely molten and achieve preliminary blend-
ing. The initiation stage of the reaction occurred in

the third zone. Subsequently, the forth zone to the
sixth zone were the main reaction zones. The termi-
nal zone was set for volatilization and transporting.
Before the polymerization reaction, NaH was reacted
with melting LL. Then, the melt mixture was
quenched in a dry metal box placed in ice water
under purging N2, which was useful to prevent the
initiator from losing activity in open air. The
quenched mixture was broken up and premixed
with LL, ACL, and LDPE–MAH in a high-speed
mixer at a speed of 1000 rpm for 3 min at room tem-
perature. Then, all the materials were fed into zone
0 of a twin-screw extruder at room temperature and
protected by a N2 atmosphere.
The feeding rate was 4 kg/h, and the screw speed

was 60 rpm. It was easy to a achieve stable extrusion
and a higher conversion of monomer at a low screw
speed.35 The obtained strands were pelletized and
dried at 85�C for 24 h. After that, different test speci-
mens for mechanical testing were injection-molded
at 260�C. The temperature of the cylinder was 230–
250�C, and that of the mold was 40�C. The four
blends were denoted as B10, B20, B30, and B40, the
number of which is the weight percentage of added
LDPE–MAH.

Figure 5 TGA curves of PA12 and PA12/LDPE–MAH
blends.

TABLE II
Molecular Weights and Polydispersity Index of Three

Different Pure PA12s

[LL]/[A]
(mol/mol) Mn Mw

Polydispersity
index

50/1 (mixer) 11,350 20,089 1.77
100/1 (mixer) 22,453 35,476 1.58
100/1 (TE-35) 21,733 43,273 1.99

The errors of Mn, Mw, and polydispersity index were all
less than �5%.

Figure 6 Residence time distribution of PA12 polymer-
ized in a twin-screw extruder with a [LL]/[A] molar ratio
of 100/1.

TABLE I
Composition of Reactants Used in the Experiment

LDPE–MAH (g) LL (g) NaH (g) ACL (g)

PA12 0 1000 2.40 8.0
B10 100 900 6.31 7.2
B20 200 800 7.75 6.4
B30 300 700 9.19 5.6
B40 400 600 10.63 4.8
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Determination of the residence time distribution

The residence time distribution for the previous
screw configuration was determined with aluminum
flakes of a specific weight. The measurements of res-
idence time were carried out during the polymeriza-
tion of PA12. Aluminum flakes were mixed into the
monomer at time zero, and samples were collected
every 10 s. The PA12 pellets were burned in an elec-
tric muffle furnace at 600�C under air conditions,
and the aluminum flakes were separated. The
weight of aluminum flakes collected in the extrusion
was subsequently measured as a function of time.

Characterization

The residual monomer content in the polyamide was
determined by means of thermogravimetric analysis
(TGA) with a TA SDT Q600. All TGA measurements
were made under a nitrogen atmosphere. The flow
rate of N2 was set at 30 mL/min. The temperature
was increased from 30 to 600�C. The scanning rate

was 10�C/min, and the initial weights of the sam-
ples were 10–15 mg.
The molecular weight of PA12 was measured by

gel permeation chromatography (Waters Co., with a
refractive-index detector) at 25�C. The solvent was
m-cresol.
The morphology was observed with a scanning

electron microscope (JSM-5610LV, Jeol, Co., Ltd.).
The samples were kept in liquid nitrogen for 10 min,
and a brittle fracture was performed. Then, the frac-
tured surfaces were etched with xylene at 135�C for
3 h. The etched surfaces of the samples were coated
with gold in vacuo before observation. The particle
size distribution was calculated by our laboratory
soft. Both samples were calculated to have at least
200 particles. The number-average diameter (Dn),
weight-average diameter (Dw), and volume-average
diameter (Dv) were determined as follows:

Dn ¼
P

NiDiP
Ni

(1)

Figure 7 Morphologies of the cryogenic fracture surface (left) and etched surfaces (right) of blends with different LDPE–
MAH contents: (A) B10, (B) B20, (C) B30, and (D) B40. The magnification was 3000�.
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Dw ¼
P

NiD
2
iP

NiDi
(2)

Dv ¼
P

NiD
3
iP

NiD2
i

(3)

whereNi is the number of domains having diameterDi.
The tensile properties were evaluated according to

ASTM D 638 in an Instron tensile tester (CMT 4204,
Shenzhen Xinsansi equipment Co., Ltd.) at a cross-
head speed of 50 mm/min. An extensometer strain
gauge with a 50-mm gap was used to obtain the
modulus and yield stress values. The flexural
strength and modulus (ASTM D 790) were tested in
the same Instron tensile tester. The dimensions of
the flexural specimens were 127 � 12.7 � 3.2 mm3.
The support-to-span ratio was 16. The maximum
strain was 5.0%. Notched Izod impact tests were
conducted according to ASTM D 256 on an impact
testing machine (model XJU-22, Chengde Experi-
ment Equipment Co.). All test specimens were 3.18
mm thick. Six specimens were tested for each me-
chanical property.

A Rheometrics mechanical spectrometer (ARES
rotational rheometer, Rheometrics, Inc.) was used to
measure the complex viscosity (g*) and the visco-
elastic modulus [dynamic storage modulus (G0) and
dynamic loss modulus (G00)] as functions of fre-
quency at 200�C. The experiments were carried out
in the dynamic mode in parallel-plate geometry at a
strain of 5% and a gap of 1.0 mm under dry nitro-
gen. Sample disks with a diameter of 25 mm were
compression-molded with a hot-press machine at a
temperature of 200�C. These disks were dried at
80�C in vacuo for 48 h before the measurements. The
frequency was varied from 0.1 to 100 rad/s, and the
amplitude was kept small enough to ensure a linear
viscoelastic response of the samples.

RESULTS AND DISCUSSION

Polymerization in an internal mixer

The polymerization of LL was carried out in a
Thermo Haake Polylab system first to determine
some parameters, such as reactants composition,

Figure 7 (Continued from the previous page)
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temperature, residence time, conversion, and torque,
of the anionic reaction for subsequent reactive extru-
sion in the twin-screw extruder. The initiator and ac-
tivator were NaH and ACL, respectively. The

temperature and torque were recorded as functions
of time during the polymerization.
Figure 2 shows the torque measurement for the

anionic ring-opening polymerization of LL in an in-
ternal mixer as a function of time. The slope in the
region where the torque increased rapidly corre-
sponded to the reaction rate. As shown in Figure 2,
the rate of the anionic ring-opening polymerization
became faster at higher temperatures. After it
achieved a maximum, the torque decreased with the
increasing material temperature. Generally, the tor-
que is related to the viscosity of a material. As
shown in Figure 2, the melt viscosity of PA12 was
sensitive to temperature and decreased with rising
temperature. Also, the terminal temperature in three
cases all exceeded the set system temperature. We
concluded that there was an effect of self-heating by
viscous dissipation in the late stage.
Figure 3 shows the effect of different initiator/acti-

vator ratios on the polymerization at 250�C. The dif-
ferent slopes demonstrated that the reaction rate
increased as the initiator/activator ratio increased.
Figure 4 shows the torque of the synthesized PA12
with different molecular weights by the control of
the LL/activator molar ratio ([LL]/[A]) at 250�C. A
small ratio led to a low molecular weight of PA12. It
was obvious that high-molecular-weight PA12
([LL]/[A] ¼ 100/1) showed a higher torque and
more viscous dissipation than low-molecular-weight
PA12 ([LL]/[A] ¼ 50/1) in the whole region.
The conversion of LL was determined by TGA.

The loss in weight from 185 to 350�C was attributed
to the amount of unreacted LL. The TGA result
shows that the residual weights of the PA12 samples
with different molecular weights were both higher
than 98% at 350�C.

Polymerization in the twin-screw extruder

The reactants feeding into the twin-screw extruder
are shown in Table I. The activator amount was pro-
portional to the monomer content, and the content
of the initiator increased with increasing LDPE–
MAH.
The monomer conversion ratio of PA12 and

PA12/LDPE–MAH blends was determined by TGA
(Fig. 5). All of the samples exhibited high monomer
conversion, above 95 wt %. Moreover, the blends
showed a higher volatilizing temperature, about 8�C

Figure 8 Particle size distributions of blends with differ-
ent LDPE–MAH contents: (a) B10, (b) B20, and (c) B30.

TABLE III
Average Diameter of the Three Different Blends

Dn (lm) Dw (lm) Dv (lm) Dw/Dn

B10 0.88 1.14 1.88 1.30
B20 1.01 1.40 1.75 1.39
B30 1.13 1.70 2.61 1.51
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higher than that of PA12. This remains for further
study.

The number-average molecular weight (Mn),
weight-average molecular weight (Mw), and polydis-
persity index of three different pure PA12s are
shown in Table II. With the same [LL]/[A] ratio, the
polydispersity index of PA12 polymerized in the
twin-screw extruder was 1.99, larger than that of
PA12 polymerized in the Thermo Haake Polylab sys-
tem. This was mainly due to the lower residence
time and wider residence time distribution (see

Fig. 6) in the twin-screw extruder than those in the
Thermo Haake Polylab system.

Morphology of the compatibilized blends

Polymer blends, such as the combination of nylon
and PE, PP, or PS, have been matters of keen interest
because they show high notched Izod impact
strength. Nylon/PE, nylon/PP, and nylon/PS blends
do not give good dispersion if they are only
mechanically blended. However, they show clear

Figure 9 Mechanism of the graft reaction to form LDPE-g-PA12.
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dispersion when they are blended with a maleic an-
hydride grafted copolymer as a compatibilizer.36–43

It is very likely that a certain graft polymer is
formed between PA and PE, PP, or PS to provide
the good dispersion.

The addition of maleated PE can improve the
compatibility of components at the interface of a
PE/polyamide blend. At the same time, the average
dimensions of the dispersed phase decreased, and
the interfacial adhesion between PE and PA was
also improved. However, the cryogenic fracture was
smooth. It was difficult to directly observe the mor-
phology of the dispersed phase on the fracture sur-
faces of the compatibilized PA12 and PE blends
with scanning electron microscopy. Thus, xylene
was used to etch the dispersed LDPE–MAH phase.
Figure 7 shows the morphologies of PA12 and the
LDPE–MAH blends with different weight ratios after
cryogenic fracture. The good interfacial adhesion
between the two phases was evident because it was
difficult to distinguish the two phases. Micrographs
of the cryogenic fractured surfaces, which were
etched with xylene, are also shown in Figure 7 to
describe the dispersion of the LDPE–MAH phase.
The irregular edges of the cavities caused by etched
LDPE–MAH also demonstrates good interfacial ad-
hesion. The size of the dispersed particles varied
from 0.2 to 5 lm. Figure 8 shows the particle size
distributions of blends with different LDPE–MAH
contents. Dn, Dw, and Dv were calculated and are
listed in Table III. With increasing LDPE–MAH, the
three kinds of average diameter all increased. Dn

was around 1 lm, which was still not the ideal dis-
persed size for toughening. Founded knowledge is
available on this issue because of the success in
high-impact polyamides produced by reactive blend-
ing. In that case, the rubber modifier was incorpo-
rated in the polyamide in a subsequent extrusion
process.44 The impact modifier should be dispersed
in the submicrometer range in the polyamide matrix
to fulfill its role. The dispersed particles act as stress
concentrators and alleviate the triaxial stress state by
cavitation, debonding, and matrix-related deforma-
tion mechanisms (crazing and shear yielding).
Although the dispersed particles of LDPE–MAH
were not small enough to achieve the best toughen-
ing effect, the high impact strength of the blend with
30 wt % LDPE–MAH indicated that the dispersed
domains adhered well to the matrix. Also, with the
addition of LDPE–MAH, the index of dispersion
(Dw/Dn) only changed a little. This indicated that
the distribution of diameter was relatively uniform.

Graft reaction mechanism

During this reactive extrusion, there were mainly
two kinds of graft reactions. One was a graft-from

mechanism, and the other was a graft-to mechanism.
Figure 9(a–c) depicts the graft-from mechanism of
the low-density polyethylene (LDPE)-g-PA12 graft
copolymer formation with LDPE–MAH as the mac-
roactivator. This method was used in our previous
work,45 in which styrene–maleic anhydride copoly-
mer (SMA) was used as the macroactivator in the
anionic ring-opening polymerization of caprolactam
to synthesize SMA-g-PA6 copolymer. There were
three main steps involved: activation, initiation, and
propagation. Maleic anhydride groups on LDPE–
MAH were easy to react with sodium lauryllactam
(NaLL) to form acyl LL (A1; Fig. 9). The acyl LL cat-
alyzed the active anionic polymerization of LL and
induced the PA12 chain to grow from these active
dots. This graft reaction occurred when the materials
were molten and maintained to the end of the ani-
onic ring-opening polymerization in the reactive
extrusion. The anionic polymerization of lactams dif-
fers from the anionic polymerization of most unsatu-
rated and heterocyclic monomers. The growing
center at the chain end is not an anionically acti-
vated group but a neutral N-acylated lactam, and
the anionically activated species is the incoming
monomer. The graft-to mechanism is depicted in
Figure 9(d). The end amine groups (derived from
PA12 chains broken under shearing) on PA12
reacted with the maleic anhydride groups to form
imide groups. This is the conventional method to
compatibilized polyamide and polyolefin. This kind
of graft reaction in extrusion began when a certain
amount of PA12 had been polymerized and became
more effective when less monomer existed. Com-
pared with the end amine group, a larger amount of
NaLL diffused more easily, so NaLL had more of a
chance to react with the maleic anhydride groups.
Therefore, a graft-from mechanism dominated in the
graft reaction.

Figure 10 Plots of g* versus frequency for PA12, B10,
B20, B30, B40, and LDPE–MAH.
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Dynamic rheological properties

Figure 10 shows plots of g* as a function of fre-
quency for PA12, LDPE–MAH, and their blends.
The four blends had higher g* values than PA12
and LDPE–MAH at low frequencies. A progressive
increase of g* was observed in the low-frequency
range as the content of LDPE–MAH increased. Also,
all blends exhibited a typical shear-thinning behav-
ior. Moreover, the shear-thinning behavior became

distinct with increasing LDPE–MAH content. This is

the typical behavior of a long-branched polymer.

The higher viscosity and more distinct shear-thin-

ning behavior proved the existence of LDPE-g-PA12,

which formed in situ via the grafting reaction. There

were platforms at low frequency for both PA12 and

LDPE–MAH. With increasing LDPE–MAH content,

the platforms disappeared gradually. This indicated

that the molecular weight distributions of the blends

Figure 11 Plots of G0 and G00 versus frequency for (a) PA12, (b) B10, (c) B20, (d) B30, (e) B40, and (f) LDPE–MAH.
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became wider. In other words, more in situ formed
LDPE-g-PA12 copolymer led to a wider molecular
weight distribution.

G0 is related to the elastic behavior of a material
and may be considered as the storage energy. G00

represents the dissipated energy. The dependence of
G0 and G00 on the frequency measures the relative
motion of all molecules in the bulk and can give im-
portant information about the flow behavior of
melts. Figure 11 shows plots of G0 and G00 as func-
tions of frequency for PA12, LDPE–MAH, and their
blends. At low frequency, the two moduli of PA12
decreased more rapidly than those of the blends.
The higher the LDPE–MAH content was, the slower
the decline of G0 and G00 was among the whole fre-
quency range. Also, G0 increased faster than G00 from
B10 to B40. When the content of LDPE–MAH was
above 20 wt %, G0 was totally higher than G00. The
rheological behavior showed a more elastic trend.

Mechanical properties

The mechanical properties of PA12, LDPE–MAH,
and their blends are shown in Table IV. PA12 exhib-
ited excellent tensile properties. The tensile strength
of PA12 was 63.2 MPa. The elongation at break of
PA12 was 461%, which is high for various poly-
amide materials. However, the notched Izod impact
strength of PA12 was similar to other polyamides,
only 88 J/m. Because of the long carbon backbone,
the flexural strength and modulus of PA12 were
both lower than those of PA6 or Polyamide 66
(PA66). With the addition of LDPE–MAH, the tensile
strength of the blend decreased gradually. The
degree of the drop was not large from 10 to 30 wt %
LDPE–MAH content. The elongation at break
increased first and then decreased. This mainly
rested with the pristine properties of LDPE–MAH
and the adhesion of the two phases. The flexural
strength and modulus of the blends decreased with
increasing content of LDPE–MAH, so the material
became easy to bend. The interesting point of the
mechanical properties was the notched Izod impact
strength, which increased rapidly and reached a
maximum of 947 J/m when the addition of LDPE–

MAH was 30 wt % in the blend. Then, the impact
strength of the blend with 40 wt % LDPE–MAH
addition decreased.

CONCLUSIONS

In this study, we successfully synthesized nylon 12
and LDPE–MAH blends via the anionic ring-open-
ing polymerization of LL in a twin-screw extruder.
Because of the in situ formed graft copolymer of
LDPE-g-PA12, the two phases had good adhesion at
the interface, and the LDPE–MAH domains were
well dispersed in the PA12 matrix. As a result, the
notched Izod impact strength of blends improved
remarkably. The decreased flexural strength and
modulus make the PA12/LDPE–MAH blend more
suitable for ductile products. Compared with PA12,
the rheological properties of the blends showed
higher viscosity and elastic properties, which were
ascribed to the large molecular weight of the LDPE-
g-PA12 copolymer.
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