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ABSTRACT: Fibrillar reinforced composites of polytetrafluoroethylene (PTFE) and polycarbonate (PC) were prepared by in situ fibrilla-
tion of PTFE into PC matrix using twin screw extruder. Different samples were obtained by varying the relative ratio between
PC and PTFE. The rheological properties of the PC/PTFE composites were found to depend on concentration of the PTFE fibrils.
The melt strength analysis in nonisothermal conditions was also studied. The increase in force and decrease in drawability with
increasing the PTFE content are associated with the PTFE fibrils formed in situ during the thermomechanical process in twin screw

extruder. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42401.
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INTRODUCTION

Polytetrafluoroethylene (PTFE) is a polymer commonly used as solid
lubricant because of its good resistance to chemical attacks, high
melting temperature, and low coefficient of friction." Unfortunately,
the low adhesion and the low wettability of the PTFE result in a low
degree of dispersion of this polymer in other matrices, which often
results in inefficient mechanical coupling with the second compo-
nent of the blend. In the past years, several method to enhance the
wettability and compatibility of PTFE were developed as high reac-
tive chemicals® or high energy inputs (UV or plasma).”” An alter-
native and promising nondestructive approach to produce
compounds with a perfect dispersion of PTFE particles is based on
the preparation of core-shell particles in which the core is constituted
by PTFE and the shell by a conventional polymer.® PTFE/Polystyrene
(PS),” PTFE/Polymethylmethacrylate (PMMA),'>"" and PTFE/poly-
acrylates'® core-shell nanoparticles and nanocomposites were pre-
pared using seeded free emulsion polymerization. Monodispersed
core—shell nanoparticles were obtained using this approach and were
used to produce 2D" and 3D'*'* (polymer opal) arrays. Coprecipi-
tation techniques were also used to produce nanocomposites and
microcomposites. The precipitation of preformed polymer as poly-
amide-imide'® and poly(ether sulphone)'”** into a PTFE latex con-
taining submicrometer size nanoparticles was recently used.

© 2015 Wiley Periodicals, Inc.
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From a point technological of view, melt mixing is the most com-
mon procedure for preparation of polymeric blends, with the
advantage that it does not require use of solvents. Thermody-
namic miscibility of the polymeric components, which occurs if
the homogeneity reaches the molecular level, is quite rare in com-
mercial practice.’® Blends thermodynamically not miscible are
instable with respect to time and tend to separate, developing
homogeneous phases with continuous phase boundary, which
affects negatively the mechanical properties of the products.
Although the lack of chemical interaction between the blend con-
stituents is generally considered a disadvantage, mixtures of
immiscible polymers can often create a partnership with good
mechanical properties, with the majority component that consti-
tutes the homogeneous matrix and the minority component (the
reinforcement) the dispersed phase. The size and morphology of
the dispersed polymer are crucial to the final physical properties
of the blend and can vary tremendously depending on the couple
of the polymers and the preparation method.*® Thus, by using
the correct combination of manufacturing and postprocessing
conditions, it is possible to generate different reinforcement mor-
phologies from a single immiscible blend pairing.

It was recognized that the mechanical characteristics of many
polymers can be improved by means of reinforcing elements that
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grow in the amorphous matrix during the manufacturing pro-
cess.”' ™% Processing an incompatible polymer pair in which the
dispersed phase forms in situ reinforcing fibers is a useful way to
achieve good mechanical properties. Unlike traditional polymer
composites, the reinforcements are not available as a separate
material but are created simultaneously with the isotropic matrix.

Various self-reinforced composites have been developed and
studied. Blends of flexible commercial polymers with thermo-
tropic liquid crystalline polymers (LCP) have been prepared and
characterized.”' > The processing of the blends at high elonga-
tion flow converts the rigid rod-like LCP domains into dis-
persed and high oriented microfibrils, which act as reinforcing
phase. The practical utility of these systems is however quite
low, as LCP are too expensive for common and general applica-
tions. Another class of microfibrillar immiscible polymer—poly-
mer composites, known as microfibrillar reinforced composites
(MEC), has been recently developed.”**"*' A MFC comprises
an isotropic polymer matrix reinforced with microfibrils or
nanofibrils of a different polymer. The fibrils, characterized by a
high aspect ratio, are obtained through a mechanical process of
alignment and stretching. The manufacturing of an MFC com-
prises three successive different steps: (i) melt blending and
extrusion, (ii) cold drawing of the blend, and (iii) annealing of
the drawn blend at a temperature above the melting tempera-
ture of the lower melting component, but below the melting
temperature of the other component. On drawing, the compo-
nents of the blends are oriented, and microfibrils of both of
them are generated. During annealing, the microfibrils of the
polymer with the lower melting temperature undergo fusion,
whereas the microfibrils of the higher melting component are
maintained, which results ultimately in an isotropic relaxed
matrix with microfibrils chaotically embedded. With this proce-
dure polypropylene/poly(ethylene terephthalate), polyethylene/
poly(ethylene terephthalate), polyamide 6/poly(ethylene tereph-
thalate), poly(butylene terephthalate)/poly(ethylene terephtha-
late) MFC were preparated.”*™” Microfibrils with diameter of
about 2—4 um have been reported.”*?” One of the advantages
of the MFC is that the preparation of these composites does
not require the dispersion of a preformed reinforcing material
into the matrix, thus avoiding one of the biggest challenges in
microcomposite and nanocomposite creation, namely agglomer-
ation of the reinforcing phase.?®

A further step toward a simplification in the MFC preparation
can be achieved by using PTFE to generate microfibrils.’® It is
known that stable fibrils develop in PTFE samples under load-
ing conditions to dissipate energy and stabilize a crack tip by
bridging.”> > The irreversible formation of fibrils is an orienta-
tion process that provides a significant increase in the elastic
strength of PTFE. The stability of PTFE fibrils was found pri-
marily determined by temperature, with additional dependence
on loading rate and microstructure anisotropy. The use of PTFE
allows to reduce the steps for the MFC preparation from three
to one, with the only extrusion process sufficient to produce a
polymeric matrix enriched with PTFE microfibrils. PTFE par-
ticles can be easily fibrillated under shear or extensional flow, at
the process temperature of an immiscible matrix, which results
in a significant increase in the melt strength of the system.’*?°
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The aim of this contribution is to report on the preparation of
fibrillar reinforced composites based on polycarbonate (PC) and
PTFE. PC is a thermoplastic polymer widely used for its hard-
ness and toughness as a single-phase material or as the matrix
of a composite material.>”*® The effect of PTFE fibrillation on
thermal and rheological properties of PC/PTFE composites is
here analyzed and discussed.

EXPERIMENTAL

Materials

PTFE DF680 powder (Solvay Solexis) consists a spherical parti-
cle with an average diameter of 500 um. Polycarbonate Makro-
lon 2407 (PC) was provided by Bayer.

Composites Preparation

The compounding processes of composites were performed using a
corotating twin-screw extruder Collin (Germany) having a screw
diameter of 25 mm and a barrel length of 450 mm (L/D = 18). For
the composites production, PC pellets and the powdery PTFE
material were fed simultaneously into the hopper by gravimetric
dosing. The materials had been previously dried under vacuum
oven for 24 h at 120°C. The relatively low extrusion temperature
was chosen to produce an high melt viscosity thus resulting in a
relatively high shear stress exerted by the polymer melt toward the
PTEE agglomerates (260, 290, 260, 255, and 255°C). A constant
rotation speed of 70 rpm was applied during the melt mixing pro-
cess. Throughout the article, label PC indicates PC samples proc-
essed in the extruder without addition of PTFE.

Composites Characterization

Morphological investigation was performed using an Inspect F
SEM-FEG (scanning electron microscope-field emission gun)
microscope from FEI company, with a beam diameter of 3 nm,
both on the plain sample powders and on the blend fractured
specimens, obtained after immersion in liquid nitrogen for 30
min. To avoid electron charging effects during SEM analysis, the
samples were coated with 3 nm of gold, by means of a Cres-
sington 108 Auto sputter coater in argon plasma atmosphere
(0.15 mbar) with an emission current of 25 mA.

Differential scanning calorimetry (DSC) was carried out using a
Mettler-Toledo DSC 821 apparatus. Samples of about 5 mg
were used. The instrument was calibrated with high purity at
10°C min~'. Dry nitrogen was used as purge gas.

Steady-state shearing and dynamic flow properties were meas-
ured by a strain-controlled rotational ARES (Rheometric Scien-
tific) at 260°C. Frequency sweep tests were performed using a
parallel plate geometry (d=25 mm) over a frequency range
from 100 to 0.1 rad s~ '. Because of the low viscosity of the PC
matrix, the strain used in the frequency tests was 5.0%. The
viscoelastic response was found linear from 0.01 to 10% in the
strain sweep analysis. Step rate tests were carried out using a
cone-plate geometry (d =25 mm and a cone angle of 0.1 rad)
over a shear rate range from 0.005 to 20 s L

The shear flow studies of composites were performed using cap-
illary a rheometer Rheo-Tester 2000 (Gottfert). A capillary die
with dimensions of 0.5 mm diameter, 5.0 mm length, and 180°
entry angle with an aspect ratio (L/D) of 5/0.5 was used. The
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Figure 1. SEM micrographs (magnification X12,000) of cryofractured
surfaces of PC (a), PC/PTFE 1% (b), and PC/PTFE 5% (c).

test was carried out using a wide range of shear rates (20—
12,000 s~ ) at 260°C.

Melt strength evaluations were performed using a Rheotens
71.97 (Gottfert) in a combination with single screw extruder
(D=10 mm and L= 300 mm, L/D = 30) at 260°C. The diame-
ter and length of extruder die were 2 and 30 mm, respectively.
The rheotens equipment was set applying wheel acceleration of
60 mm s~ %, and a gap between wheels of 0.4 mm. The distance
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between the extruder die and the rheotens wheels was 110 mm.
An initial linear velocity of 50 mm s~ was applied.

Dynamical mechanical analysis was performed using a dynamic
mechanical analyzer Rheometric Scientific DMTA V, using the
three point bending geometry. A static to dynamic stress ratio
of 120% and a scanning rate of 4°C min~' were chosen. The
strain was sufficiently small to be within linear viscoelastic
range. The samples for the dynamic-mechanical analysis were
prepared introducing the sample into a rectangular mould. The
entire assembly was then placed between press plates with a
nominal pressure of 4.9 X 107 Pa and allowed to stand at room
temperature for 20 min. The temperature was then raised to
210°C and the pressure released to 4.9 X 10° Pa. After 15 min,
the sample was cooled to room temperature and recovered as
rectangular 30 mm X 5 mm X 2 mm sheets.

RESULTS AND DISCUSSION

The PC/PTFE composites were prepared by melt mixing in twin
screw extruder at 260°C, the temperature at which PC is gener-
ally processed. As 260°C is below the melting temperature of
PTFE, formation of fluorinated polymer fibrils can be achieved.
Samples containing 1 and 5 wt % of PTFE were prepared.

SEM was used to investigate the microstructure of PC/PTFE
samples prepared by compression molding and cryofractured.
Figure 1 shows the fractured surface micrographs of PC and its
composites with PTFE. In case of PC, brittle fracture with
smooth surfaces occurs. In contrast, in case of samples PC/
PTFE 1% and PC/PTFE 5%, ductile fracture with significant
localized deformation in the form of fibrils is observed. The
fibrils are 200-300 nm in diameter and can measure several
microns in length. In addition, the surface density of fibrils in
case of PC/PTFE 5% is substantially higher than for PES/PTFE
1%. The present data further stress the pronounced tendency of
PTFE particles toward fibrillation and indicates that individual
fibers can be obtained from the cold coalescence of adjacent
particles stretched. In addition, the homogeneous distribution
of PTFE fibrils at the cryofractured surfaces confirms the homo-
geneous distribution of PTFE particles within the composites,
as already proven for PTFE/PP composites.’

The thermal behavior of various samples was studied by DSC.
The DSC first cooling and second heating curves of PC/PTFE 5%,
PC/PTFE 1%, and PTFE at —10°C min~' and + 10°C min ',
respectively, are illustrated in Figure 2. The Figure shows also the
DSC trace upon heating of neat PC, which evidences a glass tran-
sition around 140°C. The crystallization and the melting of PTFE
in the plain polymer and in the composites occurs at 310°C and
326°C, respectively, in agreement with literature data.>

The glass transition temperature observed in the heating curves
of the PC/PTFE 1% and 5% composites corresponds to that of
pure PC, which means that PTFE and PC are completely
immiscible polymers. It is worth noting that the PC/PTFE com-
posites, subjected to the same thermal history as plain PC,
exhibit an enthalpy recovery peak in correspondence of the glass
transition, differently from plain PC. This means that the PC
chains motion are modified by the presence of PTFE: the con-
formational rearrangements of the PC segments seem favored in
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Figure 2. DSC second heating (dashed red curve) at 10°C min~' for PC
and DSC second heating (red curves) and first cooling (blue curves) at
10°C min "' for PC/PTFE 5% and PTFE. The DSC traces for PTFE sample
were divided by 5. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

the composites, probably owing to an increased free volume,
which confirms the hypothesis that PTFE and PC are noninter-
acting separated phases. The specific heat capacity increments at
T,, normalized to the nominal PC content, correspond, within
the experimental error, to the specific heat capacity increments
of pure PC, which confirms the composition of the blends.

It is well known that the melt rheological properties of a blend
are very sensitive to the state of dispersion of the two compo-
nents. Dynamic oscillatory shear measurements of polymeric
materials are generally performed by applying a time dependent
strain y(#) =y, sin(wt) and measuring the resultant shear stress
a(t) =yo [G sin(wt) +G” cos (wt)], where G and G’ are the
storage and loss moduli, respectively and o the frequency.*® The
shear storage modulus G, the loss storage modulus G’, and the
loss tangent tan ¢ (G’/G) of pure PC and PC/PTFE composites
as a function of frequency at 260°C are shown in Figure 3.
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Theory predicts that the terminal flow behavior of polymers is
expressed by the law G' o< w”. This is satisfied by neat PC from
10% to about 1 rad s~ '. At lower frequencies, PC exhibits a
plateau-like regime, typical of commercial products with a
broad molecular weight distribution.*' The addition of PTFE
influences the storage and loss moduli at low frequency, which
both reflect the fully relaxed polymer chain dynamics. The stor-
age modulus increases markedly and becomes less dependent on
the frequency with increasing the PTFE content. Also the loss
modulus increases with the PTFE concentration, but the rate of
increase is lower with respect to G/, with the result that the
maximum of tan ¢ reduces and shifts to higher frequencies with
the PTFE content.** The viscoelastic peak occurs at the fre-
quency of about 0.5 rad s™' for the neat PC, about 5 rad s~
for PC/PTFE 1% sample, and about 15 rad s~' for PC/PTFE
5% composite, showing that the material becomes progressively
more elastic. According to experimental evidences collected for
immiscible polymer blends, the different dependence on the
PTFE content, exhibited by the G and G’ moduli, proves that
the PC matrix and the PTFE fibrils do not interact chemi-
cally.™* Indeed the loss tangent tan J is very sensitive to the
structural change of materials and its progressive reduction with
increasing the PTFE content can be explained as due to the
presence of various structures such as PTFE agglomerations**®
and networks®” (fibrils). The plateau-like regime extends from
10° rad s~ to frequencies progressively increasing with increas-
ing the PTFE content. This liquid-like to solid-like behavior at
low frequency has been reported for other filler-thermoplastic
composites and have been ascribed to increasing interactions
between the filler particles or fibers, eventually leading to a for-

mation of a interconnect PTFE fibril structure.*>*®

The bilogarithmic plots of the complex viscosity In*l versus
(In*1 = [G'()* + G"(w)*]"?*/w), obtained by parallel plate oscil-
lating rheometer at 260°C, and the bilogarithmic plots of the
steady-state shear viscosity n versus shear rate dy/dt, obtained
by combined cone-plate rotational rheometer and capillarity
rheometer at 260°C in a wide range of shear rate, shown in Fig-
ure 4(A) and (B) respectively, reveal a significant difference
between plain PC and the composites, particularly at low
frequency.
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Figure 3. Trend of shear storage modulus G' (A), loss storage modulus G” (B), and loss tangent tan ¢ (C) as a function of frequency at 260°C for PC
(square symbols), PC/PTFE 1% (circle symbols), and PC/PTFE 5% (triangle symbols).

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42401 (4 of 7)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42401



http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

A
10°k
(7]
g 10°F
-
*
=g
10°
PR ERPITTIT RN EPITTT BT R By |

10 107 10° 10" 10* 10° 10°
frequency / rad/s

CIENC

i B
5% A
10k
3 VAN
A
n [ ,/_\A
) o, A
Dﬂj %o o] AAAAA/_\,
} 103 L 0% 0OoO 999 QQDODA
= 3 OSA
Q
O oA
g QA
Qa
102k o}
:nml PRI BRI EwerTT | i l sl s s aad

10 107 10° 10" 10* 10° 10°
shear rate / s

Figure 4. Trend of complex melt viscosity #* as a function of frequency (A) and flow curve as a function of shear rate (B) at 260°C for PC (square sym-
bols), PC/PTFE 1% (circle symbols), and PC/PTFE 5% (triangle symbols). In addition, (A) shows the Carreau—Yasuda fit for PC, PC/PTFE 1%, and PC/

PTFE 5% (lines).

The complex melt viscosity increases with the PTFE content at
low frequency. Newtonian plateau at low shear and shear thin-
ning trend at high deformation are observed for the neat PC.
At low shear rate an increase of viscosity is recorded for the
PC/PTFE composites and particularly for the composites with
PTFE amount of 5%, in agreement with dynamic flow measure-
ment at low frequency. This is in accordance with theoretical
expectations and experimental observations for fiber reinforced
composites.*”" PC/PTFE 1% remains essentially Newtonian
with modest increase of the complex viscosity only at the lowest
frequency. Conversely, PC/PTFE 5% shows very strong non-
Newtonian behavior, retaining a viscosity significantly greater
than that of plain PC also at higher frequencies. This composite
exhibits a very strong shear thinning trend. A Carreau—Yasuda
model with a yield stress was used to account for the increase
of viscosity at low shear rate.”

a ay(n— a
nx (@)= =41+ (o)

where 0 is the melt yield stress, 7, is the zero shear viscosity, 4 is
the time constant, a is the Yasuda parameter, and # is the dimen-
sionless power law index. For determining the parameters of the
neat PC, g, was set equal to 0. Subsequently, these values are used
as starting parameters for fitting the complex viscosity of the PC/
PTFE composites. To simplify, the power law index n of the PC/
PTFE composites is assumed equal to that of the matrix.”* The
parameters used to fit the experimental data are collected in Table
I. The Carreau—Yasuda fit curves of the complex viscosity, shown
in Figure 4(A), demonstrate that there is a good agreement
between the experimental and the calculated data. The Carreau—
Yasuda parameters are found to vary with the PTFE content. The
time constant 4 and the parameter a do not significantly change,
unlike the melt yield stress gy, which increases with increasing the
PTEE content. This quantity controls the increase of complex vis-
cosity at low frequency and can be put into relation with the for-
mation of PTFE fibrils in the PC matrix.”>>*

According to the Cox-Merz rule, the complex viscosity (from
dynamic rotational rheometer) and the steady shear viscosity
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(from capillary rheometer) are super-imposable for numerically
equivalent values of frequency  and shear rate.” Pure PC and
both the composites obey the rule, which means that orienta-
tion of the PTFE fibrils remains substantially unchanged during
the steady state and dynamic experiment.>

The melt strength properties of the PC/PTFE composites and
the neat PC were analyzed by a Rheotens 71.97 in a combina-
tion with single screw extruder at 260°C. Figure 5 reports the
force as a function of wheel speed for composite materials and
neat PC. The increase in force and the decrease in drawability
with increasing the PTFE content, in agreement with the shear
viscosity measurements, can be associated with the presence of
PTEE fibrils formed in situ during the thermomechanical pro-
cess in the twin screw extruder.*?

The dynamic mechanical behavior of the PC/PTFE samples was
also studied by DMTA using the three point bending geometry in
the linear viscoelasticity region at the frequency of 1 Hz, between
—140°C and the temperature at which the samples lost their
dimensional stability, with a heating rate of 4°C min~'. Figure 6
illustrates the trends of the storage modulus E* and of tan § as a
function of temperature. The E curves displays a marked drop at
about 150°C, which corresponds to the glass transition of PC, and
a intense step in correspondence of the f secondary relaxation
located in the range —100 < T< —50°C. The good impact resist-
ance of PC has always been attributed to secondary relaxation orig-
inating from local movement within the chains.*” Some authors
found that the broad f relaxation may be resolved into more than

Table 1. Parameters Used in the Carreau—Yasuda Model with Yield Stress
for PC/PTFE Composites

Applied Polymer L

Sample oo (Pa) no(Pas) 2 A n

PC 0 1095 0.027 212 084
PC/PTFE 1% 44 1196 0.029 128 0.84
PC/PTFE 5% 482 1377 0.036 0.75 0.84

42401 (5 of 7)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42401


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
30
PC+PTFE 5%
25|
20 -
=
(8]
o st
g PC+PTFE 1% content.
- 1ok
PC
5_
0 L L 1 i 1 L L L
0 400 800 1200 1600 2000

wheels speed / mm/s

Figure 5. Melt strength as a function of drawdown velocity (relative draw-
down velocity) for PC, PC/PTFE 1%, and PC/PTFE 5%.

one process,””*® while others did not show evidence of an existing

structure within the relaxation.>

The f§ relaxation has been associated with the local motions of
both the strongly dipolar carbonate groups and the phenyl
groups.” The position and the width of the glass transition do
not change in the presence of PTFE, which confirms the
absence of interfacial interactions between the two compo-
nents.*” The addition of PTFE increases the stiffness of the
composite, as below the glass transition temperature of polycar-
bonate, the storage modulus E increases with the PTFE
amount, as already proven for PTFE/PP composites.”> The effect
is much more marked with reducing the temperature. At room
temperature, the storage modulus E value for PC is 900 MPa,
for PC/PTFE 1% sample is 950 MPa, and for PC/PTFE 5% is

1500

1250

1000

750

E'/ MPa
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-150-100 -50 0 50 100 150 200

T/°C
Figure 6. Trend of dynamic storage modulus E' as a function of tempera-
ture for PC, PC/PTFE 1%, and PC/PTFE 5%. In the inset the tan 0 curves
are reported.
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1050 Pa. Similar behavior were obtained for PTFE-based nano-
composites obtained from core-shell nanoparticles,”>®' copreci-
pitation of technopolymers and PTFE,'® and in situ PTFE
fibrillation during compounding with polypropylene.**

Also the [ secondary motions are not affected by the PTFE
fibers, as evidenced by both the approximately constant FE
decrease at about —100°C, and, more distinctly, by the corre-
sponding tan ¢ peak, which results independent of the PTFE
This confirms that localized interactions do not
develop between the PTFE fibers and the PC segments that give
rise to the f relaxation.

CONCLUSIONS

The effect of crystalline PTFE microfibrils on the mechanical,
rheological, and thermal properties of PC was investigated and
discussed. The absence of specific interactions in the composites
at the interface PC/PTFE was proven by the constancy of the
glass transition temperature, which was found to correspond to
the T, of plain PC. Despite that PTFE and PC are completely
immiscible, the mechanical properties of the microfibrillar com-
posites PC/PTFE turned out improved, owing to reinforcement
action exerted on the PC matrix by the PTFE microfibrils. The
presence of PTFE microfibrils produces also a progressive
increase in viscosity and in melt strength and a reduction in
drawability with increasing the PTFE content.

In conclusion, the use of PTFE to generate microfibrils is a
favorable strategy to expedite the preparation of microfibrillar
reinforced composites, reducing the preparation steps to only
the extrusion process. The resultant mechanical properties are
those characteristic of a reinforced material.
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