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ABSTRACT: A series of novel PA 1212/PA 6 composites were synthesized via in-situ polymerization.
Incorporating minor PA 1212 (212 wt %) into PA 6 matrix led to about 5 times increase of impact resistance
of PAG with its tensile strength maintenance. Inserting PA 1212 macromolecules into PA 6 matrix by this method
may interfere with the arranging order of hydrogen bonding of PA 6 by changing its crystalline structure and
impeding its crystallization. Different from the homogeneous molecular PA 66/PA 6 composites, PA 1212/PA 6
composites had a microfiber structure with width H@BD0 nm and length several micrometers. PA 1212/PA 6
composites had better crystalline thermal stability and comprehensive mechanical properties than the corresponding
molecular PA 66/PA 6. After tensile deformation, the lamellar bundles in PA 1212/PA 6 had a prior orientation
along the tensile direction, while the orientation direction in pure PA 6 had an angle alfowitd3he tensile
direction. The crystalline microstructure and morphology of PA 1212/PA 6, especially the microfibers, might
play an important role in the toughening of PA 6 with maintenance of strength.

Introduction

As a high-performance engineering plastic, polyamide 6 (PA
6) has high strength, good fatigue resistance, and wearing
durability due to the existence of strong intermolecular hydrogen-
bonding interaction. Nevertheless, PA 6 has relatively poor
notched Izod impact toughness and tensile properties at room
temperature, which greatly restricted the applications in aero-

space, auto industries, drawn fibers, and filmsin contrast,

polyethylene has high drawability because the absence of
specific intermolecular interactions leads to the crystal deforma-
tion through slippage along the crystallographic planes. These
results suggest that the transfer of stress within PA 6 can be

improved by adjustment of the intensity of its interchain
interactions, which might lead to effective energy dissipation
and result in the efficient improvement of its tensile deformation
and impact resistance.

In spite of their similar structure, polyamide 66 and polyamide

strength compared with that of PA 66, was introduced into PA
6 to form PA 1212/PA 6 composites with microfiber structure
different from molecular PA 66/PA 6 compositasa a similar
approach. The mechanical and impact properties were studied.
The morphologies, crystallization properties and crystalline
structure, and hydrogen-bonding interaction were investigated
with scanning electron microscope (SEM), polarized micro-
scope, atomic force microscope (AFM), differential scanning
calorimeter (DSC), X-ray diffraction analyzer (WAXD), and
FTIR spectrometer, respectively.

Experimental Section

Materials. PA 1212 was supplied by Shangdong Dongchen
Chemical Co., Chinae-Caprolactam was provided by Nanjing
Oriental Chemical Co., China. Sodium hydrate (NaOH) and toluene
diisocyanate (TDI) were obtained from Shanghai Chemical Re-
agents Co. China National Medicines, China.

Synthesis of PA 1212/PA 6 CompositePA 1212 was dissolved

6 tend to crystallize separately in their blends prepared by ain meltede-caprolactam monomer at 18Q under nitrogen to form

simple blending methotl.We hypothesized that the strong
hydrogen bonding between polyamide archprolactam mono-

a homogeneous transparent polymeronomer solution. The
solution was vacuumed at 17Q for about 20 min to remove water.

mer and between the polyamides might overcome the phaseThen 0.17 wt % NaOH was added under stirring and continuously

separation problem caused by the reductionA&,x after
polymerization. In our previous studiésa series of PA 6
molecular composites with polyamide 66 (PA 66) were syn-
thesized via in-situ anionic polymerizationetaprolactam with
PA 66 soluble in it. It was found that the strong hydrogen-
bonding interactions during in-situ polymerization process led
to the molecular dispersion of PA 66 into PA 6.

In this study, a polyamide with long alkane segments,
polyamide 1212 (PA 1212) with lower hydrogen-bonding
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vacuumed for another 10 min. After this 0.4 wt % TDI was added
with stirring; the mixture was then immediately poured into a mold
preheated to 180C and polymerized in oven at 18@ for 20
min. After polymerization, the products were cooled to room
temperature, extracted with boiling water to eliminate the residual
monomer, and then vacuum-dried at 8D for 10 h. At last, the
PA 1212/PA 6 composites with different PA 1212 content were
obtained, which will be denoted as “PA 1212/PA 6" below for short.

Preparation of PA 1212/PA 6 Blend Sample and Pure PA
1212 SampleAs control samples, coextruded PA 1212/PA 6 and
pure PA 1212 samples were prepared by a 35 twin-screw extruder
(SHJ-30) at a screw speed of 240 rpm and barrel temperatures 220
225-230-230-230°C. The pelletized materials will be denoted
as “Blend PA 1212/PA 6” and “PA 1212” later.

Characterization. The molecular weight of PA 6 of pure PA 6,
PA 1212/PA 6, PA 66/PA6 (synthesized in our previous study
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Table 1. Molecular Weight of PA 6 in PA1212/PA 6 and PA 66/PA 6

Composites
. n J PA 1212
1 g content (wt %) Mn (x 109 My (x10%) Mw/Mn
= 0 4.5240.01 9.98+ 0.01 221
g — £ e N 6 4.4740.01 9.87+0.01 2.20
= 5 N 10 4.22+0.01 9.144+ 0.01 2.17
5 107 4.334+0.01 9.24+ 0.01 2.13
q Il
aPA 66/PA 6 containing 10 wt % PA 66.
o] //\
% on an AFM (Nanoscope lll-a, Digital Instruments Ltd.) using a
tapping mode. DSC measurements were performed on a Perkin-
100 150 200 250 Elmer Pyris-1 differential scanning calorimeter (DSC) from room

temperature to 250C at a heating rate of 10C /min under a
nitrogen atmosphere. X-ray diffraction spectra were collected on a
Figure 1. (A) DSC curves of PA 1212/PA 6 composites containing  Rigaku D/Max-IIl X-ray diffraction (XRD) analyzer equipped with
(2) 0wt % PA 1212, (b) 2 wt % PA 1212, (c) 4 wt % PA 1212, (d) 6 5 yotating-anode generator system using Cu 8 = 1.54 A)

wt % lPA '1511126 (€ 3"‘&:”’1':2";‘2121%' (;? 10 wt 32'31'2112212' (9) blend o giation at an operating current of 25 mA and a voltage of 35 kV.
sample wit wt % »and () pure ) The scanning rate was/inin. The films for FTIR analysis were
prepared and examined on a Perkin-Elmer Spectrum 2000 spec-
rometer according to ref 5. The thickness of the films ensured the
ntensity of bands in the range of Bedrambert law. The
emperature was increased at a speed 6€2nin, and the data
were collected at an interval of 2.

Temperature, °C

was analyzed by gel permeation chromatography (GPC, HLC-8120,
TOSOH Co., Japan) using 3-methylphenol as solvent and standard}
polyamide 6 for calibration. In order to eliminate process history t
effect, PA 1212/PA 6, Blend PA 1212/PA 6, PA 1212, and PA
66/PA 6 were hot pressed into sheets with>-680 x 3 mn® at 30
MPa and 250°C (preheating the samples at 250 for 10 min Results and Discussion

before press) and cooled to room temperature for further charac-

terization. The sheets were cut into standard specimens for tensile  The molecular weight of PA 6 in PA 1212/PA 6 and PA
and impact testing. The tensile testing (five samples for each point) 66/PA 6 is shown in Table 1.

was performed on a Shimadzu AGH-1kN universal testing machine  Figure 1 shows the DSC curves of PA 1212/PA 6 composites
according to ASTM D638 with strain rate of 60 mm/min at room with different PA 1212 content and the corresponding Blend
temperature. The Izod notched impact strength (10 samples for eactpa 1212/PA 6. Single melting peak was observed for all PA
point) was measured with an XJU-22 impact testing machine 1517/pa g with different PA 1212 content, while two melting
according to ASTM D256 at room temperature. The surfaces of peaks in Blend PA 1212/PA 6 were deteéted Up to now, we

freeze-fractured samples in liquid nitrogen and those of impact- . .
fractured specimens at room temperature were observed on a Jsmgan get a temporary conclusion that the added PA 1212 is not

5600LV scanning electron microscope after they were gold-coated CryStallized but dispersed in PA 6 matrix in an amorphous state.
in a vacuum chamber. The orientation of tensile samples was After incorporating PA 1212 into PA 6, the glass transition
observed on an Olympus BX51-33P-OC-SP polarized microscope. temperaturd, the melt enthalpyAHy, the melting temperature
The surfaces of undeformed and deformed samples were observed,, and the crystallization temperatufg of PA6 in PA 1212/

Figure 2. SEM photographs of freeze-fractured surfaces of (a) pure PA 6, (b) PA 66/PA 6 with 10 wt % PA 66, (c) PA 1212/PA 6 with 10 wt
% PA 1212, and (d) blend PA 1212/PA 6 with 10 wt % PA 1212.
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Table 2. Melting and Crystallization Behavior of PA1212/PA 6 and Table 3. Mechanical Properties of PA 1212/PA 6 with Different
Comparison Materials PA 1212 Content
PA 1212 elongation at tensile notched impact
cont (%) Tg(°C) Tm(°C) AHz (J/9) Tc(°C) PA 1212 break mean strength mean  strength mean
0 612+01 2200£01 651+005 173.2:0.1 cont(wtv) +SDMPa)(%) +SDMPa) 4 SD(I/m)
2 55.3+£0.1 217.3t0.1 63.6+ 0.05 169.74+ 0.1 0 108.1+ 3.13 50.8+ 1.22 102.1+ 0.54
4 56.7+0.1 217.1+0.1 60.3+0.05 167.7+£ 0.1 2 221.2+ 4.23 61.74+ 3.12 151.2+ 1.01
6 554+0.1 213.1£0.1 59.1+0.05 165.14+0.1 4 324.3+5.21 69.2+ 2.11 354.2+ 0.96
8 53.1+ 0.1 209.8+ 0.1 61.0+ 0.05 161.1+0.1 6 357.6+ 2.12 81.2+2.44 370.3: 2.12
10 53.2+ 0.1 206.8£0.1 60.5£ 0.05 157.4+£ 0.1 8 450.2+ 3.42 88.8+ 1.01 530.6+ 1.09
12 51.2+0.1 208.2-0.1 61.2£0.05 156.6+ 0.1 10 441.7+ 4.32 88.7+ 2.77 542.1+ 1.55
107 55.2+ 0.1 219.8+0.1 64.9+0.05 172.1+ 0.1 12 432.1+ 2.15 85.6+ 3.83 556.4+ 2.24
183.1+0.1° 30.1+0.0% 1 133.1+2.34 48.2+ 0.55 87.1+ 0.98
1P 48.5+ 0.1 197.1+£ 0.1  42.7+0.05 153.1+ 0.1 100 443.5+ 3.45 65.3+ 2.12 330.2+ 2.15
pure 1212 53.#0.19 188.64+0.19 62.61+0.03 161.94+0.1¢

aBlend PA 1212/PA 6 containing 10 wt % PA 1212PA 66/PA 6
aBlend PA 1212/PA 6 containing 10 wt % PA 1212PA 66/PA 6 containing 10 wt % PA 66.
containing 10 wt % PA 66 Ty, and AHs of PA 1212 in Blend PA 1212/
PA 6 containing 10 wt % PA 1212.Ty, Tm, AHy, and T of pure PA 1212.
(a)
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Figure 3. (1) XRD intensity profile of PA 1212 /PA 6 as a function o

of PA 1212 content: (a) 0, (b) 2, (c) 4, (d) 6, () 8, (f) 10, (g) 12 wt Temperature ("C)

%, (h) pure PA 1212. (2) Ratio of the intensity of peakto peako., Figure 4. (1) FTIR spectra of N-H stretching region of (a) pure PA

with increasing PA 1212. 6 and (b) PA 1212/PA 6 containing 10 wt % PA 1212 recorded from
60 to 220°C in the range of 28063800 cn1. (2) Comparison of the

PA 6 decreased, and the widthTf became broader, indicating  temperature dependence of the half-height width at the hydrogen-bonded

A ; N—H stretching based on the corresponding half-height width at room
.t:]at th? ﬁrystt.a"lmty of PA .6 n PAI\ %zﬁZIPtAh 6 decéea;idlzqg temperature in the range 3108500 cm* (a) pure PA 6, (b) PA 1212/
Its crystallization was more incompiete. In other words, PA 6 containing 10 wt % PA 1212, and (c) PA 6/PA66 containing 10

molecules impeded the crystallization behavior of PA 6 (Table wt % PA 66.
2).

The SEM image of PA 1212/PA 6 composite showed some molecule and PA 6 macromolecule can result in the conforma-
interentangled fiberlike structure in the matrix compared to the tional changes in chains, limiting the formation of hydrogen-
homogeneous morphologies of pure PA 6 and PA 66/PA 6 bonded sheets af phase, which can be verified by the increase
composites and the particle-dispersed morphologies of Blendof ratio of oy diffraction peaks relative to the, diffraction
PA 1212/PA 6 (Figure 2). The fibers had an aspect ratio of peaks with the addition of PA 1212 (Figure 3(2)).

20-30, with width about 106300 nm and length several Figure 4(1) illustrates the FTIR spectra of-Ml stretching
micrometers. of PA 6 and PA 1212/PA 6 in the range 3188500 cnr?,

Diffraction spectra of pure PA 6 and PA 1212, and PA1212/ which were recorded as a function of increasing temperature.
PA 6 with different PA 1212 content are shown in Figure 3 It can be seen that the-N\H stretching peaks shifted toward
(). The peak (020) gave a clear indicatiornyafrystalline form high frequency, and the intensity attenuated, the bandwidth
in pure PA 1212.7 For pure PA 6 and PA1212/PA 6, tleform became broader with increasing temperature. However, the
was the main crystalline form, showing two main reflections increase rate of the bandwidth with temperature in pure PA 6
oy anday, corresponding to the crystallographic planes (200) was less than that in PA 1212/PA 6, and the change rate of the
and (002+ 202)8 We assume that, similar to the effect of PA  bandwidth in PA 1212/PA 6 was less than that in PA 66/PA 6
66 on PA 62 the strong interaction between PA 1212 macro- (Figure 4(2)). This difference reflected that attenuation and
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100 The elongation at break of PA 1212/PA 6 increased about 4
90 r b times, giving the composites impact strength about 5 times
80 |

increase (from 102.3 0.54 to 556.4+ 2.24 J/m) compared
0r a ©C l with that of the net PA 6, while the tensile strength can keep a
60 | good level (Table 3). As contrast, PA 1212 had not obvious
ol effect on the related properties of PA 6 by the blend method.
The properties of PA 1212/PA 6 are, to our knowledge, unique,
as these materials showed great improvement in toughness with
maintenance of strength compared to the large decrease in

—0

Stress, MPa

40
30
20
10

0 ‘ ‘ . \ | strength in the corresponding PA 66/PA 6 (Figure 5).
0 100 200 300 400 500 Semicrystalline polyamide 6 does not exhibit individual
Strain, % lamellar structure as in the case of polyethylene, and only

Figure 5. Stress-strain curves for (a) pure PA 6, (b) PA1212/PA 6 lamellar bundles with width about 200 nm were obsered.

containing 10 wt % PA 1212, (c) blend PA1212/PA 6 containing 10 Here, although lamellar bundles with width about +@D0 nm

wt % PA 1212, and (d) PA 66/PA 6 containing 10 wt % PA 66. were observed in both pure PA 6 and PA 1212/PA 6, the latter
had the lamellar bundles with smaller width and more homoge-

dissociation of hydrogen bonding with increasing temperature N€0US structure compared to pure PA 6 (Figure 6a,c). For tensile

were easiest for PA 66/PA 6, easier for PA 1212/PA 6 compared SaMPle, the lamellar bundles in PA 1212/PA 6 had a prior
to pure PA 6. It is assumed that, due to the presence of anotheprientation along tens!le dlrectlor_\, which indicated that sllppa_ge
polyamide macromolecules in PA 6 matrix, the arranging order of lamellar bundles might occur in PA 1212/PA 6 under tensile

of hydrogen bonding of PA 6 was interfered in and became deformation (Figure 6d). For deformed PA 6 sample, no
more disordere®-11 Because of the more similar structure of Orientation of the bundles of lamellae was observed, and the
PA 66 and PA 6 than that of PA 1212 and PA 6, incorporating angle about 45existed between the orientation direction and
PA 66 than PA 1212 into PA 6 would interfere in the arranging the tensile direction (Figure 6b). More microfibers were found
order of hydrogen bonding of PA 6 in larger degree and lead to In PA 1212/PA 6 in contrast with the smooth fractured surface
more disordered state in PA 66/PA 6 than that in PA 1212/PA Of net PA 6 (Figure 7), which further suggests that quite large
6, which is in agreement with the low@, AH;, T, andTe of deformation happened in the PA 1212/PA 6 composites.

PAG6 in PA 66/PA 6 than those of the corresponding PA 1212/  In the case of the PA 1212/PA 6 composites, we postulate
PA 6 (Table 2). that, in contrast to the neat PA 6, the PA 1212 dispersed in PA

500 pm 1000 v 10,00 pm E40 pm 10.00 1 10.00 pm

500 pm 1050 1 1050 jin S00pm 1000 1 10,00 pin

Figure 6. AFM images of surfaces of (a) undeformed and (b) deformed PA 6 and (c) undeformed and (d) deformed PA 1212/PA 6 containing 10

wt % PA 1212; inlet color images are photos obtained from polarized microsedi¥); black arrows indicate the tensile direction.
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Figure 7. SEM photographs of impact fractured surfaces of (a) pure PA 6, (b) PA 66/PA 6 with 10 wt % PA 66, (c) PA 1212/PA 6 with 10 wt
% PA 1212, and (d) blend PA 1212/PA 6 with 10 wt % PA 1212.

6 matrix in a fiberlike amorphous state may lead to a structure while the orientation direction in pure PA 6 had an angle about
much more conducive to plastic flow under applied stress. This 45° with the tensile direction. The crystalline microstructure
might give rise to a more efficient energy-dissipation mechanism and morphology of PA 1212/PA 6, especially the microfibers,
in the composites, thereby delaying crack formation caused by might play an important role in the toughening of PA 6 with
the effective stress transfer due to the good interfacial adhesionmaintenance of its strength.

of the microfibers and the matrix. Because of their large ratio
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