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ABSTRACT: Polyamide 6 (PA6) nanofibers were prepared by the melt blending extrusion process of PA6/cellulose acetate butyrate
(CAB) immiscible polymer blends. The average diameter of obtained PA6 nanofibers was 95-190 nm which could be controlled by
varying the process conditions, such as blend ratio was 10/90-40/60, shear rate was 10 and 80 s~ 'and two different blending equip-
ments, and the effect of adding graphene for the diameters was also discussed. In addition, and the formation mechanism of nanofib-
ers was studied by viscoelastic analysis and collecting samples at four different sites along the extruder. The morphology of PA6
dispersed phase in CAB matrix included three stages: PA6 pellets changed into sheets or ribbons, the formation of microfibers and
size reduction, the size of microfibers continued refinement to nanofibers. The morphology development of dispersed phase may be

postponed by blend ratio. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42184.
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INTRODUCTION

Nanofibers have a wide range of applications, such as efficient
filtration devices, surgical dressing and tissue scaffolds etc.,
because of its large surface area and good biocompatibility,"*
the preparation methods and the research of nanofibers has a
growing improvement. So far, many developed production
methods can be used to prepare micro-nano fibers, including
electrospinning,” drawing, meltblowing, flash spinning and
sea-island spinning, but some of these methods have difficult
to produce fibers with averaged diameters less than 500 nm.*
The melt blending extrusion is also a method for preparing
nanofibers,”™® which can be described as a kind of phase sepa-
ration behavior of immiscible system with simple equipment,
high yield and environmental protection. Many researchers
have studied the effect on the morphology development of
dispersed phase in polymer blends, such as the content of
blends,'® the compatibility of blends,"" the viscosity ratio, the
shear rates,'” and the blend ratio."” Sundararaj had studied
the morphology development of PS/PA and PS/PP blends and
found the size of dispersed phase reduced mainly in melting
stage.'* Scott etc. had studied the morphology development of

polymer blends during the initial stages of blending in differ-
ent blending equipment, and proposed mechanism for initial
morphology development in polymer blends.">™"” Elemans
had researched the structure development of PA6/PP and pro-
posed polymer initial structure development mechanism by
mechanical blending.18 Polyamide 6 (PA6) is a kind of mate-
rial with the performance of high strength, light, wear-
resisting, high elastic recovery rate, etc. However, due to the
high viscosity, slightly solubility and easy degradation in high
temperature, the preparation of PA6 superfine fiber is lim-
ited.'” Besides, researches on PA6 nanocomposites such as
graphene/PA6 matrix, which has recently attracted consider-

able interest.?%

This article discussed the preparation of PA6 nanofibers by the
melt blending extrusion process. It involved choosing two kinds
of immiscible thermoplastic polymers, mixing and extruding
from a twin-screw extruder. After removing the cellulose acetate
butyrate (CAB) matrix, nanofibers could be obtained. To con-
trol the size of PA6 nanofibers, several parameters were studied,
such as blend ratio, shear rate, and blending equipment.
Besides, the viscoelastic of blends and the morphology
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Figure 1. SEM images of the graphene/PA6 composite nanofibers prepared by micro-twin screw blender with graphene percentage of 0.1, 0.3, 0.5, 1, 3,

5wt % (a—f).

development of dispersed phase in extruding process had also
been discussed. To study the application of PA6 nanofibers, the
work also studied the effect of adding graphene for PA6 fiber
diameters

EXPERIMENTAL

Materials

Polyamide 6 (PA6, M32800), relative viscosity: 2.8 (1 g/100 mL
98% H,SO, at 20°C), provided by Guangdong Xinhui Meida
nylon Company. CAB powder (CAB-171-15, butyryl content 17
wt %, acetyl content 19.5% and hydroxyl content 1.5 wt %),
purchased from Eastman chemical (U.S.), used as a matrix
phase. The melting point of CAB is 230-240°C. Graphene was
prepared using graphite as raw material by ourselves. PA6 and
CAB were dried in a vacuum oven at 120°C for 48 h, and gra-
phene was dried in a vacuum oven at 65°C for 24 h before
blending.

Preparation

PA6 and CAB were blended by using a co-rotating twin-screw
extruder (D=16 mm, L/D =40, EUROLAB16, Thermo-Harke
Co.) to prepare PA6/CAB composite. The processing tempera-
ture was mainly based on polymer thermal performance. The
twin-screw extruder has three different sampling points, named
SP-1#, SP-2#, and SP-3# To study the melting and the morphol-
ogy evaluation of the blends along the extruder, the samples
were collected from these three points, which represent the
morphology at different times respectively. The samples, taken
from the extruder, were immediately cooled by putting in the
ice water to retain the morphology that developed in the
extruder.

The factors on the morphology and diameter size of the PA6
dispersed phase was discussed, like viscoelasticity and blend
ratio of blends, shear rate of screw and mixing facility. The
blend ratio between PA6 and CAB was set at 10/90, 15/85, 20/
80, 30/70, and 40/60, while the shear rate was 50 s~ ' and draw
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ratio was 9. In the study of the shear rate, the screw shear rate
varied at 10, 30, 50, 80, 100, and 120 s~ ', while the blend ratios
was 20/80 and draw ratio was 9. PA6 mixed with CAB by Harke
co-rotating twin-screw extruder and miniature twin-screw blend
instrument (HLYB/8-C5, D=8 mm, L/D =12 mm) at the same
shear rate of 50 s~ ' with blend ratio of 10/90, 20/80, 30/70, and
40/60 was studied. Graphene/PA6 composites were prepared by
blending Graphene and PA6, then Graphene/PA6 composites
and CAB were mixed with the blend ratio of 20/80 by miniature
twin-screw blend instrument. All the samples were extracted by
immersing the samples in exchanged acetone at room tempera-
ture till removed the matrix component CAB completely. It was
confirmed by the FT-IR results of PA6, CAB, and PA6 nanofib-
ers after removing the matrix (shown in Supporting Informa-
tion Figure S1).

Measurement and Characterization

The apparent viscosity and elastic modulus of the polymer were
both determined by using a dynamic rheometer (ARES-RFS)
with a 25-mm parallel plate under the static and dynamic mode
respectively. The rheological measurements of PA6/CAB system
were performed at 250°C.

The morphology of samples in the extruder and the final
obtained nanofibers were observed by a scanning electron
microscope (SEM). To observe the fracture surfaces of the com-
posite fibers, the composites were fractured in liquid nitrogen
and were observed by SEM.

The distributions and averages of the fibers’ diameters were
obtained by measuring 100 nanofibers. The number of averaged
diameters was calculated as eq. (1).

D _2_ND: (1)

CXN

in which, Dy is the number averaged diameters and N; is the
number of nanofiber with a diameter of D;.
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Table I. Diameter Statistics of Graphene/PA6 Nanofibers with Different
Graphene Percentage

Smallest Largest Average
diameter diameter diameter

Samples (nm) (nm) (nm)

0 wt % GN/PAG 63 241 123

0.1 wt % GN/PA6 57 349 141

0.3 wt % GN/PAG 57 279 135

0.5 wt % GN/PAG 63 358 166

1 wt % GN/PAG 100 471 209

3 wt % GN/PAG 100 456 228

5 wt % GN/PAG 94 612 249

RESULTS AND DISCUSSION

Effect of Graphene

PA6/CAB and graphene/PA6/CAB composites were both col-
lected directly from the twin-screw extruder by melt blending
and extrusion. PA6 nanofibers and PA6/graphene composite
nanofibers were obtained by removing the matrix component
CAB completely. Compatibility directly impacted the morphol-
ogy and structure of polymer blends, the formation of nanofib-
ers was determined by the shape and size of dispersed phase.

Figure 1 shows the SEM images of the graphene/PA6 composite
nanofibers prepared by micro-twin-screw blender with different
percentage of graphene and also suggests that the PA6/graphene
composite nanofibers could be prepared by melt blending effec-
tively. What’s more, the average diameters of graphene/PA6
nanofibers were raised with increased percentage of graphene.
Diameter distribution of graphene/PA6 nanofibers with gra-
phene percentage of 0, 0.1, 0.3, 0.5, 1, 3, 5 wt % were shown in
Supporting Information Figure S2(a—g) and Table I, and the
effect of graphene percentage on nanofibers average diameters
was shown in Supporting Information Figure S2(h). This is due
to the addition of graphene increased the interfacial tension
between PA6 and CAB, so decreased the compatibility.
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Meanwhile, the addition of graphene increased the crystalline
temperature and improved the thermal stability of graphene/
PA6 composite nanofibers (shown in Supporting Information
Figures S3, S4, S5 and Supporting Information Table SI).

Effect of Blend Ratio

Figure 2 shows the fracture surface of PA6/CAB composites
with different blend ratio. Figure 3 shows the PA6 nanofibers
prepared by Harke co-rotating twin-screw extruder with differ-
ent blend ratio. In the Figure 2(a—d), the two phases have
obvious interface and immiscible completely. The dispersed
phases PA6 in the continuous CAB matrix formed an apparent
sea-island structure. With the increase of the percentage of PA6,
the probability of particle collision increased correspondingly.
When the blend ratio of PA6/CAB was 50/50, the interface
between phases was so ambiguous that we couldn’t distinguish
the dispersed phase from matrix phase. After removing the CAB
matrix, the fibrous dispersed phase was obtained. As shown in
Figure 3(a—d), with increasing PA6 component loading level,
the morphology of dispersed spherical droplets in the continu-
ous phase changed into fibrous and finally to the co-continuous
structure. Well-defined PA6 nanofibers could be obtained at the
blend ratio of 10/90-40/60.

Figure 4 shows the variation of PA6 nanofibers’ average diame-
ter due to the different blend ratio. With the percentage of PA6
increased from 10 to 40 wt %, the average diameter of PA6
nanofibers showed an increasing tendency as expected, which
were 95, 97, 105, 112, 178 nm, respectively, so did the distribu-
tion of fiber average diameters. The mainly reason was the colli-
sional coalescence of PA6 droplets during the melt-extruding
process, which was known as a random process and enhanced
collision with the increasing of the blend ratio, hence raising
the diameters of PA6 nanofibers and broadening the diameter
distribution.

Effect of Shear Rate
Shear rate facilitates the deformation of the dispersed phase and
could affect the viscoelasticity of the polymer blends during the

(b) 20/80, (c) 30/70, (d) 40/60, (e) 50/50.
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Figure 3. SEM images of PA6 nanofibers prepared by Harke co-rotating twin-screw extruder with different blend ratio, (a) 10/90, (b) 20/80, (c) 30/70,

(d) 40/60, (e) 50/50.

melt blending process. It is one of the important parameters for
the formation of nanofibers in melt extruding. On the one
hand, higher shear rate promoted deformation and breaking of
dispersed phase pellets and reduced the coalescence of dispersed
micelles,” thereby leading to the dispersed phase size decreased.
On the other hand, increasing the shear rate could improve the
viscosity and elastic ratio between disperse phase and matrix,
which went against deformation and breaking of the dispersed
phase particles.”* Therefore, the effect of shear rate on the shape
and the size of dispersed phase was multiple.

Figures 5 and 6 shows the morphology and corresponding
diameter distribution of nanofibers from PA6/CAB blends at
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different shear rates. The average diameter of PA6 nanofibers
were 188, 131, 105, 100, 101 nm with the shear rate of 10, 30,
50, 80, 120 s ', respectively. When the shear rate gradually
increased from 10 s ! to 80 s !, the diameter of nanofibers
became well-distributed and smaller apparently. While contin-
ued to increase the shear rate, the diameter appeared upwards
trend. This was the multiple influence of shear rate on the dis-
persed phase. Researches suggested that the shear rate had a
critical maximum and minimum value in the dispersed droplet
microfibrillar blend process.”>>®* When shear rate below the
critical minimum value, droplet did not deform; while higher
than the critical maximum value, the micro fiber could not
remain stable, but easy to break into smaller droplets.>
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Figure 4. Diameter distribution of PA6 nanofibers prepared by Harke co-rotating twin-screw extruder with different blend ratio. (a) 10/90, (b) 15/85, (c)
20/80, (d) 30/70, (e) 40/60. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. SEM images of PA6 nanofibers prepared by Harke co-rotating twin-screw extruder with different shear rates. (a) 10s~Y, (b) 30s~ Y, (c) 50s 7,

(d) 80s™ %, (e) 120s~ ..

Effect of Blending Equipment

The morphology and size of immiscible polymer blends could
be influenced greatly by the blending equipment, so did the
nanofibers. Because different blending equipment have different
flow field, blending time and shear capacity. It is known that
blending equipment contain several parameters impacted on the
final melt-extruding results. In this article, the diameter (D)
and length to diameter ratio (L/D) of screw were mainly param-
eters to be considered.

Figures 7 and 8 illustrated the melt-extruding results got by
micro-twin-screw blender which were similar to the harke co-
rotating twin-screw extruder, that PA6 nanofibers could be
formed at the blend ratio of 10/90, 20/80, 30/70, and 40/60
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except 50/50. With the increasing of blend ratio, the average
diameter of nanofibers increased gradually in according with
the result from Harke co-rotating twin-screw extruder.

However, nanofibers obtained by micro-twin-screw blender sig-
nificantly had bigger diameter and broader diameter distribu-
tion than those obtained by Harke. Figure 8(e) showed PA6
nanofibers diameter curves had the same variation trend. How-
ever, in the case of same blend ratio change, the diameter varia-
tion of nanofibers obtained by micro screw blending was
smaller. It could be concluded that micro screw blending was
less sensitive to blend ratio compared with Harke blending. The
different results out of the two blending equipment was mainly
due to the different inner structure of the equipment.
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Figure 6. Diameter distribution of PA6 nanofibers prepared by Harke co-rotating twin-screw extruder with different shear rates. (a) 10s~", (b)30 s, (c)
50s %, (d) 80s~', (e) 120s~'. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. SEM images of PA6 nanofibers prepared by micro-twin-screw blender with different blend ratio, (a) 10/90, (b) 20/80, (c) 30/70, (d) 40/60, (e)

50/50.

Formation Mechanism

Melt-extruding process involved shear flow and elongational
flow field."* The final obtained PA6 nanofibers that were the
result out of the combined action with continuous deformation
broken and coalescence of PA6 dispersed droplets into CAB
matrix. Polymer was viscoelastic, hence the morphology of dis-
persed phase was either associated with viscosity or elasticity.
Viscosity ratio n4/fm (174 is the viscosity of the dispersed phase,
fm 1is the viscosity of the matrix phase) played an important
part on the deformation process of dispersed phase. The effect
of n4/nm on the fibril formation has been discussed. Plate et al.
studied 13 different pairs of polymers and concluded that
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dispersed phase could fibrillated in the matrix when the n4/#y,
value between 0.1 and 10.”

Complex viscosity and storage modulus were tested to charac-
terize the rheological property of PA6/CAB blends. Figure 9(a)
showed complex viscosity (17*) of PA6 and CAB and corre-
sponding viscosity ratio (174/#m) as the function of frequency.
Figure 9(b) showed the curves of storage modulus (G') of PAS6,
CAB, and PA6/CAB blends as the function of frequency. Com-
plex viscosity was almost the same at low frequency. With the
increasing of shear rate, #* decreased continuously, indicated
that PA6 and CAB were both non-Newtonian liquid with shear
thinning. The viscosity ratio of PA6 and CAB was between 5.9
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Figure 8. Diameter distribution of PA6 nanofibers prepared by micro-twin-screw blender with different blend ratio (a) 10/90, (b) 20/80, (c) 30/70, (d)
40/60, (e) curve of average diameters of PA6 nanofibers obtained by two kinds of blending equipment. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 9. Frequency dependence of (a) complex viscosity, viscosity ratio and (b) elastic modulus for PA6/CAB blends at 250°C. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

and 6.5, implying that the morphology of dispersed phase were
able to be fibrous. Besides, the elastic modulus of CAB was
higher than PA6 in the low frequency region, so the matrix had
a higher elasticity than dispersed phase. The elasticity of matrix
could promote fiber formation and enhance the stability of dis-
persed fibers. In the high frequency region, the elastic modulus
of PA6/CAB blends increased with the increasing of the content
of PA6. Higher G was unfavorable for the deformation of the
dispersed phase, made the diameters of fibril bigger, so that the
average diameters of nanofibers were bigger with the increasing

of the content of PA6. The conclusion was coincided with the
result of the effect of blend ratio.

The PA6/CAB blends in extruder successively experienced melt,
blend and extruding under the combined action of shear and
elongational flow. So the morphology of dispersed phase in dif-
ferent stage of twin-screw extruder was different. Figure 10
showed the morphology development of PA6 dispersed phase
with different blend ratio after removing matrix. As is shown in
Figure 10, the extruder has three sampling site SP-1#, SP-2%#,
and SP-3#, corresponded to the initial stage, metaphase, and

SP-3# SP-4#

1#

f — ‘ 2#

L

IR

3#
L 1

i 44

Y

Figure 10. SEM images of morphology development of PA6 dispersed phase with different blend ratio.
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later morphological development of the blends respectively. SP-4#
was the morphology of dispersed phase after extruding and elon-
gation. In SP-1# sampling site, the dispersed PA6 of blend system
a (10%PA6/CAB) and b (20%PA6/CAB) mainly existed in the
morphology of sheets and ribbons, while the morphology of
blend system ¢ were pellets, ellipsoids and ribbons. The quick
morphological changes in the initial stage of blend were related
to particle crushing mechanism. The different morphology
between blends system were due to blend ratio. According to the
rheological property, higher components of PA6 increased n4/1m
but reduced the shear action between matrix and dispersed
phase, thus hindered the deformation of dispersed pellets.
Besides, prolonged melting time was another reason. In the meta-
phase, blends were melted completely and the mixing efficiency
was better. The ribbons mostly changed into fibrous under the
continuous shearing action except that sample (c) still had some
small sheets. The later stage was the refinement of micro fibers
but the morphology changed little. The micro fibers deformed
accompany with shrinkage. The final nanofibers were the overall
results of deformation, shrinkage and elongation. The morphol-
ogy could be concluded as follows: the initial morphology devel-
opment stage was the dispersed phase PA6 changed from pellets
to sheets or ribbons, the metaphase stage was the formation of
PA6 micro fibers and the later stage was the refinement of micro
fibers. Besides, higher blend ratio may put off the morphology
development procedure and make the diameters of fibril bigger.

CONCLUSIONS

PA6 nanofibers were prepared from PA6/CAB immiscible poly-
mer blends by in situ microfibrillar formation during the melt
blending extrution process. On this basis, graphene/PA6 com-
posite fibers were also prepared to investigate briefly the usage
of PA6 nanofiber. The average diameter of obtained nanofibers
could be smaller than 100nm. PA6 nanofibers with small size
and narrow distribution could be obtained under the condition
that blend ratio was 10/90-40/60 and shear rate was between 10
and 80 s~ '. The viscoelasticity of blends showed the dispersed
phase could be fibrous. The PA6 dispersed pellets in extrusion
process successively experienced molten softening, deformed
into sheets or ribbons, then ribbons broken into microfibers,
and at last microfibers refined to nanofibers. In the future, we
will prepare PA6 nanofibers with controllable diameters based
on this research and study its application in the areas of sensor,
electronic equipment, filtration, absorption.
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