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Miscibility and morphology of poly p-phenylene
sulphide-liquid crystal polymer blends
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Department of Materials Engineering-UFSCar, Sdo Carlos, SP, Brasil
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Blends of poly p-phenylene sulphide (PPS) and a liquid crystalline polymer (LCP) were
made by two methods: (i) mixing and capillary extrusion (samples A), and (ii) injection
moulding (samples B). To study miscibility in the melt and solid states and the resulting
morphology, techniques like polarized light optical microscopy, capillary rheometry,
dynamic mechanical thermal analysis and scanning electron microscopy with X-ray
microanalysis were used. It was observed that the miscibility of the amorphous fractions of
both polymers increased with increasing intensity (rates and stresses) of deformational
flow (shear and elongational). Samples A had a morphology composed of fibrils of both
polymers, but a matrix made of only one polymer i.e. PPS. Samples B had a mainly fibrillar
morphology, with no observable matrix, made of both polymers. Formation of pure LCP
fibrils was not observed neither in the extruded blends nor in the injection moulded
samples. The addition of LCP to PPS improved its mechanical properties. At a molecular
level, these blends can be considered to be “molecular composites”. © 1999 Kluwer
Academic Publishers

1. Introduction forces, or the critical Weber number, \&Wgnnyd/v),
Poly p-phenylene sulphide (PPS) belongs to the sowherey is the shear rate arlthe initial diameter of
called engineering thermoplastics class. Due to itshe dispersed phase.
chemical structure, made of phenyl groups linked by In conventional blends, whem— 0 andi <1, itis
a sulfur atom, it has excellent chemical and thermalusually observed that small fibres or droplets will be
properties. When carbon or glass fibres are added to thfermed only at high shear rates; when- 1, fibrils of
polymer, the result is a composite of outstanding me-higher diameter will be produced only in extensional
chanical properties. Blending with a liquid crystalline flow [4, 7]. In the case of thermoplastics—LCP blends,
polymer (LCP) also produces a high performance comit is observed that shear deformation is not as effective
posite [1, 2]. on promoting LCP fibrillation as is steady elongational

However, in this last case, like in any other compos-deformation. The concentration of the LCP is also im-
ite, in order to obtain optimum mechanical properties,portant. It seems that below a critical concentratioh,
the fibre aspect ratid,/D, of the LCP must be high no fibrils will be formed [8, 9].
and the fibre—matrix interface should be strong, i.e. the The miscibility seems to play a minor role; it is be-
interface must be capable of transfering load (tensionleved that miscibility will make formation of the fibrils
from the matrix to the fibre [3], without itself breaking. difficult, because dispersion of LCP macromolecules

The obtention of LCP fibres or fibrils, in a blend with into the thermoplastic matrix will diminish the proba-
PPS or any other thermoplastic matrix is not alwaysbility of LCP domain formation and, therefore, of the
possible; it depends on certain factors [4-6] e.qg.: formation of LCP fibrils. However, some studies [5, 8]

have shown that even in miscible blends, small fib-

1. The viscosity ratiop = (74/nm), Wherenq is the  rils (0.4um in diameter), made of both components
viscosity of the dispersed phase ap¢lthe viscosity of  (polyetheretherketone, PEEK, and HX4000, a LCP
the matrix phase. from DuPont) are formed above a cert&ify even when

2. The elasticity ratio,y1)q/(¥1)m, Whereyr, isthe A > 1. When the blends are immiscible, like blends of
first normal stress coefficient of the dispersed, d, andPPS and HX4000, the final morphology depends pri-
matrix, m, phases, respectively. marily on C*; thus, in these blends the formation of

3. The intensity and type of deformational field. droplets (0.2-1.@em) and fibrils (0.6—1.qxm) is ob-

4. The concentration and miscibility of the LCP.  served below 40 wt % LCP concentration and at 1.

5. Interfacial tensiony. However, only fibrils (0.Jum) are formed above this

concentration, wheh > 1 [8, 9]. Because these blends

In other words, the production of a fibrillar phase will were made by injection molding, which has deforma-

depend on the ratio between the shear and the cohesitienal fields composed of shear and elongation, it is
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difficult to investigate the influence of each factor sep-dures described in ASTM-D632. The notched impact
arately. Therefore, due to the fact that there are manproperties of samples B were also measured using a
variables that, jointly, determine the production of fib- Custom Scientific I1zod impact equipment, following
rils in a blend with LCP, we have undertaken this study. ASTM D256-1 standard procedure. Both tests were car-
We will analyse the influence of the viscosity ratio, de-ried out at room temperature.

formational field, concentration and miscibility of the

LCP on the production of fibrils. The influence of elas-

ticity and interfacial tension will be the subject of future 2 5. Microscopy

work. To observe miscibility in the melt state, a polarized light
optical microscope (PLOM, Leica, model DMRXP)
coupled with a hot stage (Linkam, THMS 600) were
2. Experimental procedure used. For better observation, the samples were initially
2.1. Materials ultramicrotomed using a Reichert Ultracut S/FCS ul-
The PPS used was Fortron 0205B4 and the LCP wasamicrotome (Leica). Each sample was first melted at
Vectra A950, (Hoechst). Vectra is a random copolyesteB50°C, held at this temperature for 5 min and sheared
made of 75 mol % 4-hydroxybenzoic acid and 25 mol %with a glass slide; after melting they were cooled to
2-hydroxy-6-naphtoic acid. room temperature at a rate 6°C min—1.
The morphology and composition of the blends in
the solid state were analysed using a scanning electron
2.2. Blending microscope (SEM, Carl Zeiss, DSM 940 A), coupled
Two kinds of blends were prepared, all based on volumé&vith an X-ray microanalyser. The surfaces were pre-
fractions; the PPS—LCP ratios were: 70 : 30, 50 : 50 andpared by breaking the samples in a liquid &tmo-
30: 70. Before blending, the component polymers weréphere and coating these surfaces with Au; the surfaces
dried at 100C for 2 h. were perpendicular to the flow direction.
Samples A were first mixed in a Haake Rheometer
(System 90) using a closed batch mixer with a sigma
rotor (Rheomix type 600), at 29C and 45r.p.m. for 3, Results and discussion
7 and 15 min. After mixing, the blends were pelletized3.1. Melt state
using a blade mill; later, they were extruded in a cap-Fig. 1 shows a PLOM micrograph of a 50:50 PPS—
illary rheometer (Instron, model 3211) at a tempera{.CP blend, at 350C, after being sheared. Two dis-
ture, T =290°C, using a capillary die of length, = tinct phases are observed; the birefringent ones with
2.542cm and diameteD =0.1273cm and) =90°.  a schlieren texture, belong to the LCP-rich phase and
Capillary extrusion was done in order to assure thathe transparent ones correspond to the PPS-rich phase.
mainly deformational shear was acting on the blends.Evidently, the applied shear deformation is not as in-
Samples B were injection moulded in a Pic-Boy in- tense as the deformation found in extrusion and injec-
jection moulding machine. The average barrel tempertion moulding. Therefore, this phase separation can be
ature was 290C and the mould temperature was’®a  the result of the application of a small deformation.
The injection pressures varied fron® 10° Pa (high  However, due to the low resolution of this microscopy

LCP concentration) up to.8x 10° Pa (low LCP con-  technique, we cannot draw any conclusion about
centration). The average injection time was 4-6 s. Afteimiscibility.
injection moulding, samples B were annealed at’X20 After cooling at—5°C min~1, PPS begins to crys-
for 3.5h, using a hot press. tallize at around 210C. Fig. 2 shows this crystalliza-
tion. Again, a two-phase region is observed: one com-
posed of PPS-rich spherulites and the other of LCP-rich
2.3. Thermal transitions domains.
The melting and cold crystallization temperatures of
the homopolymers as-received were analysed using
a differential scanning calorimeter (DSC-7, Perkin
Elmer). The samples were first heated at@0nin—!
up to 340°C, held at this temperature for 1 min
and later cooled to room temperature, also at a rate
of —20°C min~!. The secondary transitions of sam-
ples B were measured in a dynamic mechanical anal
yser (DMTA, Polymers Lab), on bending (double can-
tilever), at 1 Hz, strain of 64m and at a heating rate
of 5°Cmin.

2.4. Mechanical properties -
The tensile properties of samples B were measured
using an Instron tensile machine, mOdel 1127, at &igure 1 Polarized light optical micrograph ofa50 : 50 PPS—LCP blend,
crosshead speed of 2 mm min following the proce-  at350°C, after being sheared (magnificatior00).
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Figure 2 Polarized light optical micrograph of a50 : 50 PPS—LCP blend,
after crystallization at 210C (magnificationx400).

3.2. Solid state
3.2.1. Thermal transitions
Fig. 4 shows the heating and cooling DSC scans of
both polymers, and Table | presents a summary of these
transitions.
It can be observed that PPS melts at a higher temper-
ature than LCP. Therefore, at and above 200LCP
is a nematic liquid, while PPS is an isotropic melt. For
this reason, LCP domains plasticized PPS entangled
macromolecules, in the melt state. It is also observed
that PPS will crystallize before LCP; this fact will af-
fect both morphologies and crystallization kinetics of
the polymers, as observed in a recent study [10] made
on immiscible blends of PPS with HX4000. In this
last mentioned study, it was found that due to the fact
that PPS crystallized after HX4000, the presence of al-

1 10 100 1000 ready crystalline HX4000 domains accelerated the PPS
T T T T T 1777 T T T T TTT7T T LI B e B . . -

10000k hoooo  Crystallization process (the HX4000 domains acted as

- o vectra nucleation agents for the PPS macromolecules). This

[ ©  pps
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o v p/v 3/7 TABLE | Main thermal transitior’s as measured by DSC at
v oy T3 20°Cmin~t
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Figure 3 Steady shear viscosity of the pure polymers and their blends,
at 290°C.

The steady shear viscosity of samples A (7 min) are s«

shown in Fig. 3, at 290C: the viscosities of samples A

(15 min) are similar. Between the measured shear rat¢ 4

range of 1-1200s, PPS has a higher viscosity than
LCP. Therefore, at low concentrations of LCP, where
this polymer can be considered to be the dispersec »
phase} < 1, LCP fibrils will form if the shear ratesare  »
extremely high; at high concentrations of LCP, where
this polymer can be considered to be the matrix phase <
A > 1, LCP fibrils will form only in extensional flow. £
The 70:30 and 30:70 PPS-LCP blends have lowelz =

viscosities than the pure components at low shear rate?

(1-10sY); however, at moderate shear rates (100- <
1200 s?) they have intermediate values of viscosities.
The 50:50 blend is observed to have an intermediate =
viscosity between both components at all shear rates
Therefore, LCP decreased the shear viscosity of PPS =
independent of LCP concentration; this result allows us
to conclude that miscibility between both components

o
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h.aS occurred, due t(_) the application of moderate an@igyre 4 Differential scanning calorimetry of the pure polymers:
high shear deformation. (a) pure Vectra, and (b) pure PPS.
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influence was also found in a study of miscible PEEK-TABLE 11 Secondary fransitioisas measured by DMTA at
HX4000 blends [11]. In this study, it was observed 3°Cmin " (samples B) of PPS-Vectra blends

that PEEK crystallized before HX4000; thus, in this

_ _ Tp (°C) T (°C) To (°C)

case, itwas PEEK that acted as the nucleating agent for

the HX4000 rigid macromolecules. We can conclude,100:0 — 120.44 (4.35) —
therefore, that probably, in the present case, PPS will af-70:30 35.10 (1.82) 116.66 (4.47) 221.93(1.56)
fect LCP crystallization kinetics and, consequently, its o S 8;‘3 PP E‘llg‘z‘; 2o E‘S‘:gg
final morphology. However, this observation will need . g 32.40 (2.34) 105.92 (1.75) 220.46 (4.10)

further DSC measurements.
Fig. 5 shows a typical DMTA run of the blends (sam- aTg, temperature at thg-transition;T,,, temperature at the-transition;

ples B) and pure components, and Table Il presents & l€mperature at the'-transition.

summary of these transitions. DMTA of samples A was

not done, because of the fragility of the extrudates. Thef this LCP can be attributed to relaxation of the naph-

standard deviation of each average is given in parenthoic unit; this has also been found in other LCPs [12].

thesis. It can be observed that this transition changes slightly
These values were taken at the temperatures whesgith blending with PPS. At high concentrations of

the loss modulus”, has a maximum. The-transition  PPS, it has values slightly above tetransition of
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Figure 5 Typical DMTA scans of the pure polymers and their blends: (a) pure Vectra, (b) pure PPS, (c) 70: 30 PPS—LCP blend, (d) 50: 50 PPS-LCP
blend, and (e) 30: 70 PPS—LCP blend.
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pure LCP, indicating that interactions of short range1173s?. The observed surfaces are perpendicular to
between the LCP naphthoic units and the PPS phenyhe flow direction and near to the wall, as said before.
groups has occurred,; this specific interaction can be dugig. 6a shows pure PPS and Fig. 6b, pure Vectra. PPS
to the formation of A7 (C=O and phenyl) orz—7  hasafragile fracture, while LCP has ductile and fibrillar
(phenyl-phenyl) complexes [13]. The interactions cansurfaces. Fig. 7 shows SEM micrographs of samples A
occur if the LCP is miscible and disperses into the PP7 min), also after capillar extrusion at 1173sto-
matrix, where each rigid LCP macromolecule will be gether with their corresponding X-ray microanalyses.
surrounded by many PPS macromolecules. The morphology of samples A (15 min) was essentially
The LCPo/ -transition is related to interdomain re- the same as samples A (7 min). This observation was
laxation (similar to interspherulite relaxation). Tkés  similar to studies [14, 15] made in conventional blends,
transition has the same behaviour with blending as thény which it was found that the increase of mixing time
B-transition. does not change the size of the dispersed phase con-
Thea-transitions of both polymers are due to the re-siderably, independent of thevalue. Therefore these
laxation of their amorphous fractions, and correspondnicrographs are not shown. In Fig. 7a, surface fracture
to glass transition temperaturdg, Therefore, an anal- of the 70: 30 blend is shown; corresponding X-ray mi-
ysis of Ty of the blends allows study of miscibility in  croanalyses are shown in Fig. 7b (matrix) and Fig. 7c (fi-
the solid state. For example, if two well definggs,  bres). The X-ray microanalysis of the matrix shows the
that are far apart from each other and that correspongresence of S, besides the Au coating; microanalysis of
to each of the originalgs of the homopolymers, are the fibres also shows the presence of S. Therefore, in this
observed, one can conclude that the blends are immigiend, the formation of fibrils made of PPS and proba-
cible; if one well definedTy is present, miscibility of  ply also LCP occurs, with diameters between 4p6,
both components occurred. In our case this kind of analembedded in a PPS-rich matrix. Fig. 7d (50 : 50 blend)
ysis is somehow more complex becausegof the  shows another kind of morphology: the formation of
original homopolymers are very close to each othelPpS-rich fibres, 8-16m in diameter, embedded in a
(120 and 103C), and resolution of both temperatures | CP-rich matrix; its corresponding X-ray microanaly-
in the blends can be difficult. Only one well defined sisis the same as that ofthe 30 : 70 blends. Fig. 7e shows
Ty was observed in the PPS-LCP blends; lysalue  the fracture surface of a 30: 70 blend; corresponding
was located between the values of Tge of the original  X-ray microanalyses are shown in Fig. 7f (matrix) and
homopolymers, suggesting that miscibility occurred. Fig. 7g (fibres). The microanalysis of the matrix does
Therefore, one can conclude that due to the changasot show the presence of S; however, the analysis of the
with blending that the two secondary LCP transitiofis (- fibres shows a high amount of S. Therefore, as in the
anda’) experienced, and to the surging of only ¢ 50: 50 blend, PPS-rich fibrils are formed, embedded in
miscibility of the amorphous fractions of both polymers a | CP matrix, instead of sole LCP fibrils. The diameters
occurred. ofthe fibres of the 30 : 70 blend are slightly smaller than
the diameters of the fibres of the 50 : 50 blend. Table IlI
shows a summary of these observations, together with
3.2.2. Morphology the corresponding value af
Fig. 6 shows SEM micrographs of the fracture sur- It can be observed that if one assumes that 0, it
faces of the homopolymers after capillary extrusion atwould be expected that blend 70 : 30 would form LCP

(b)

Figure 6 Scanning electron micrographs of the fracture surfaces of the pure polymers after capillary extrusion at:i(5jpsre PPS, and (b) pure
Vectra.
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TABLE Il Morphology of samples A as observed by SEM for PPS— PPS fibrillation (dispersed phase) would occur if high
Vectra blends

A Morphology

Diameter of the
dispersed phasgrt)

70:30

50:50

30:70

<1 Fibrils (PPS+LCP)
Matrix (PPS-rich)
Fibrils (PPS-LCP)
Matrix (LCP)

>1 Fibrils (PPSLCP)
Matrix (LCP)

4-16

8-16

6-10

extensional deformation were to predominate. Instead,
fibrils of PPS and LCP were formed, also due to mis-
cibility of both components and the high extensional
rates developed at the entrance region of the capillary.
Also, it was observed that, in these blends, no LCP
was necessary to obtain fibrillation, as already observed
in other systems.

Fig. 8 shows SEM micrographs of samples B. In
Fig. 8a (30:70 blend) a macrofibre of approximately
150umin diameter, made of PPS and LCP, is observed.
This macrofibre is composed of microfibrils of approx-

fibrils (dispersed phase) if high shear rates were to preimately 10um in diameter; this structure is character-
dominate. Instead, PPS—LCP fibrils were formed due tgstic of LCPs. A different morphology is observed in
miscibility of both polymers and to the high shear ratesFig. 8b (50:50 blend, fibrils of 15m) and Fig. 8c
of capillary extrusion. In the case of the 30:70 blend,(70: 30 blend, fibrils of 2%xm). In these blends, the
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(d)

Figure 7 Scanning electron micrographs and X-ray microanalyses of samples A (7 min), after capillary extrusion at 1(g)3wsicrograph of the
fracture surface of a 30: 70 blend (magnificatiar1:500), (b) X-ray microanalysis of the matrix of the 30: 70 blend, (c) X-ray microanalysis of the
fibres of the 30: 70 blend, (d) micrograph of the fracture surface of a 50 : 50 blend (magnifiseki@®0), (e) micrograph of the fracture surface of a
70: 30 blend (magnificationk 1000), (f) X-ray microanalysis of the matrix of the 70 : 30 blend, and (g) X-ray microanalysis of the fibres of the 70: 30
blend. Continued.
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Figure 7 (Continued.
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macrofibrils do not decompose into microfibrils, as inDMTA results: in samples B, the amorphous fractions
blend 30: 70, due to low LCP concentration. However,of PPS and Vectra are miscible.

in all the blends, only one homogeneous phase is ob- Afinal observation related to the morphology of these
served and no distinction between “fibres” and “matrix” blends should be mentioned. Samples A (extruded) pre-
can be made. In injection moulding, the deformationalsented the formation of bubbles, as shown in Fig. 9;
field is more intense than in extrusion and it is com-samples B (injection moulded) did not show the pres-
posed of unsteady shear and elongational flows (duence of bubbles. The surging of bubbles has been at-
to “fountain flow”); therefore the high deformational tributed [16]to reaction betweenthe blend components.
rates characteristic of these processes are responsibifeour case, probably the high pressures employed dur-
for the mixing and fibrillation of both polymers, at all ing injection moulding did not allow surging of bubbles
LCP concentrations. Table IV presents a summary ofn samples B.

the observed morphology. These data also confirm the

TABLE IV Morphology of samples B as observed by SEM for PPs— 3.2.3. Mechanical properties

Vectra blends

Average diameter
of the fibresym)

Morphology
30:70 Macrofibres (PP$ LCP);
microfibrils (PPSt LCP)
50:50 Fibrils (PPS-LCP)
70:30 Fibrils (PPS-LCP)

150 (macrofibres);

10 (microfibrils)
15
25

Table V shows the tensile and impact properties of the
blends (samples B). The standard deviation of each av-
erage is given in parentheses.

It can be observed that the addition of LCP to PPS
reinforces this last polymer; it increases PPS ultimate
tensile strength, elongation to break and impact resis-
tance. This improvement in mechanical properties can
be attributed to the formation of fibrillar structures made
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(b)

Figure 8 Scanning electron micrographs of the fracture surfaces of sam
ples B: (a) 30:70 PPS—LCP blend (magnificati200), (b) 50:50
PPS-LCP blend (magnificatior2000), and (c) 70 : 30 PPS—LCP blend
(magnification:x 1000).

1414

TABLE V Tensile and impact properties of the PPS—Vectra blends

Impact
Ultimate tensile Elongation resistance
strengthpp (MPa) at breakgy, (%) (b ftin~1)

0:100  174.90 (10.59) 18.41 (0.72) 3.26 (0.44)
30:70 105.14 (13.6) 9.12 (0.13) 2.56 (0.94)
50:50 103.28 (6.73) 5.66 (0.9) 1.28 (0.61)
70:30 99.75 (8.74) 5.59 (0.32) 0.43 (0.28)

100: 0 64.37 (5.48) 4.66 (0.23) 0.20 (0.04)

Figure 9 Scanning electron micrograph of sample A (30:70 blend;
magnification:x 1000).

of both components. In this sense, PPS and Vectra A950
form a “molecular composite”.

4. Conclusions
From this preliminary study, it is possible to conclude:

1. PPS-Vectra blends are miscible in the melt and
solid states. The intensity of the miscibility will depend
on the intensity of the applied deformational flow field.
In capillary extrusion, the formation of fibrils made of
both components is observed; however, the matrixes
seem to be made of a sole polymer (PPS or LCP). In
injection moulding, fibrils and matrix are made of both
components.

2. The formation of pure LCP fibrils was not ob-
served, neither in the extruded blends nor in the in-
jection moulded samples. Therefore, no LCP was
necessary for fibrillation, as already observed in other
LCP blends.

3. The addition of Vectra to PPS improves its me-
chanical properties, due to the formation of fibrillar
morphologies, made of both components. At a molec-
ular level, these blends can be considered “molecular
composites”.
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