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The effect of particle size (nanotalc versus fine talc) on
the dimensional stability, mechanical properties, and
morphology of composites consisting of polycarbonate
(PC), poly(butylene terephthalate) (PBT), and talc was
investigated at various talc loadings. It was found that,
by using nanotalc as opposed to fine talc particles, the
level of talc reinforcement could be reduced from 6 to
1 wt% without sacrificing the dimensional stability, i.e.
coefficient of linear thermal expansion and shrinkage
of injection-molded plaques, or flexural modulus of the
PC/PBT/talc composites at a PC-to-PBT blend ratio of
60/40 by weight or greater. Further benefits included a
14% increase in flexural strength, 120% increase in the
tensile toughness and 3% reduction in the density of
the PC/PBT/talc composites. The improved stiffness is
attributed to the higher aspect ratio (diameter/thick-
ness of the platelets) of nanotalc (20–25) relative to
that of the fine talc (5–10). An increase in the flexural
modulus of the PC/PBT/talc composites with an
increase in nanotalc loading was observed even
though there was evidence of significant degradation
in the molecular weight of the PC/PBT matrix. Possible
degradation in the molecular weight of the PC/PBT
matrix was supported by a significant reduction in the
storage modulus and complex viscosity, at high
frequencies of the composites generated with the nano-
talc relative to that of the unfilled matrix. POLYM. COM-
POS., 30:188–199, 2009. ª 2008 Society of Plastics Engineers

INTRODUCTION

Binary blends based on polycarbonate (PC) and poly

(butylene terephthalate) (PBT) containing talc have been

receiving much commercial attention in recent years,

especially in the automotive industry. PC has a good bal-

ance of properties, which include high modulus and

strength, heat deflection temperature, and tensile tough-

ness. However, it has poor solvent and hydrolysis resist-

ance [1]. Therefore, PBT is blended with PC to improve

the chemical resistance of molded parts.

PC/PBT blends by themselves do not have high-

enough stiffness for use in the manufacture of car door

panels and, hence, some type of reinforcement is required

to increase the modulus. Typically, fiber reinforcements,

such as short-glass fiber, can be used to increase the mod-

ulus of the PC/PBT blends, reduce the thermal expansion,

and reduce the shrinkage of injection-molded parts, but

this may lead to a significant degree of warpage and sur-

face roughness. Warpage is attributed to thermally

induced stresses [shrinkage and coefficient of linear ther-

mal expansion (CLTE)] and ‘‘frozen-in’’ orientation, asso-

ciated with large increases in the normal stresses during

melt flow of the reinforced composites relative to its ma-

trix [2–7]. On the other hand, particulate reinforcement

does not generate large normal stresses and, in some

instances, has lower normal stresses than those of the ma-

trix [8]. Therefore, particulate fillers are more suited for

the purpose of increasing the modulus, reducing thermal

expansion, and reducing the shrinkage of molded parts for

the use of exterior car door panels [9, 10]. They provide

adequate stiffness for vertical panels (‡2.75 GPa) but not

for horizontal panels (�7.0 GPa).

Typically, with an increase in the volume fraction of

particles, there is an increase in modulus, but the level of

reinforcement (concentration) that is required to achieve a

specified stiffness by use of particulate fillers is highly de-

pendent on the particle size [11–15]. For example, Gah-

leitner et al. [12] investigated the effect of particle size

on the flexural modulus of talc-filled polypropylene (PP)

composites. Fine talc particles in the size range from 2.2

to 14 lm in diameter were used, while the talc loading
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was maintained at 30% by weight. The flexural modulus

of the composites was observed to increase with decreas-

ing particle size. They attributed this to an increase in

relaxation time with a decrease in particle size. This

allows for a higher degree of orientation to be locked into

an injection-molded part, and hence, higher modulus. In a

separate paper by Gonzalez-Nunez et al. [13], the effect

of particle size and the degree of dispersion on the tensile

modulus of PP and high-density polyethylene blends filled

with calcium carbonate (CaCO3) was investigated. In this

case, the modulus also increased with a decrease in parti-

cle size. They attributed this to better dispersion of the

composites at the lower particle size. Particle agglomera-

tion leads to coarser structures and a reduction in effec-

tive aspect ratio, thus, a reduction in modulus.

Along with particle size, the aspect ratio or filler shape

can also significantly affect the level of reinforcement that

is required to achieve a specific stiffness. Svehlova and

Poloucek [14] have shown that the tensile modulus of a PP/

talc composite is roughly two times greater at a talc loading

of 30% by weight relative to that of the unfilled PP matrix.

However, at low particle loadings (3–5% by weight of

talc), only a 10–20% increase in modulus was observed.

Similar results were observed in mica-filled PP composites

[12] and calcium carbonate-filled PP composites [15]. In

the case of the PP/CaCO3 composites, the modulus only

increased by a factor of 1.5 (50%) relative to that of the

matrix at 30% by weight of calcium carbonate, whereas the

modulus increased by a factor of 3 with the addition of

30% by weight of mica for the PP/mica composite. On the

basis of the results mentioned earlier, one can see that

the aspect ratio or filler shape has a significant influence on

the modulus of particulate-filled systems. At 30% by weight

of filler, the modulus decreased in the order mica[ talc[
calcium carbonate, which is in order of highest to lowest

aspect ratio (40–45, 5–10, 1, respectively). In a study by

Mitsuishi [15], PP/CaCO3 composites were generated with

particles that were in the shape of spheres, cubes, or nee-

dles. The aspect ratio of the spheres and cubes was �1

while the aspect ratio of the needles was on the order of 5–

10. Mitsuishi found that the modulus of the composites

generated with the cubes or spheres was the same within

experimental error. The modulus of the composites gener-

ated with the higher aspect ratio needles was 60% greater

than that of the composites generated by the spheres or

cubes at a particle loading of 20% by weight.

Many researchers have investigated the effect of filler

loading on the mechanical properties of nanocomposites

[16–19]. Most of these studies have dealt with clay-based

nanocomposites. In many cases, it has been shown that a

marked increase in modulus (30–70%) at low filler load-

ings (\5% by weight) is observed relative to that of filled

composites using fine particles because of their much

larger aspect ratios (60–100 versus 5–40). However, large

improvements in the mechanical properties are only

observed if the clay platelets are well dispersed and ex-

hibit an exfoliated morphology within the polymer matrix.

In work done by Lee and Han [19], the effect of surface

treatment on the mechanical properties of PC/clay nano-

composites was investigated. The tensile modulus of the

composites generated with the untreated clay platelets

increased by �16% relative to that of the unfilled PC ma-

trix, while the tensile strength remained the same at a

clay loading of 4% by weight. However, the tensile mod-

ulus and tensile strength both increased considerably

(75% and 40%, respectively) when the clay platelets were

surface-treated with a polar quaternary ammonium salt at

the same level of reinforcement, i.e., 4% by weight. The

large increase in modulus and strength with the surface-

treated platelets was attributed to fully exfoliated plate-

lets. Hydrogen bonding between the carbonyl groups of

the PC and the hydroxyl groups of the coupling agent

resulted in the increase of the tensile properties. Typi-

cally, at low reinforcement (\5% by weight) of conven-

tional thermoplastic composites, the increase in modulus

is relatively small (10–30%) while the tensile strength

tends to decrease. This shows that large improvements in

the tensile modulus and strength can be obtained at much

lower reinforcement levels relative to composites gener-

ated with fine particles, as long as the nanoparticles are

fully exfoliated.

Although the addition of particulates gives rise to an

increase in the modulus, there is also a subsequent

decrease in the impact strength and/or tensile toughness

as well as an increase in the weight of the molded parts

relative to that of the unfilled blend [11–14, 20]. The

increase in weight is due to the higher density of the fill-

ers relative to those of the thermoplastics. Densities for

fillers range from 2.0 to 2.8 g/cm3, whereas the density of

polymers typically range from 0.8 to 1.4 g/cm3. Added

weight and a reduction in impact resistance are not desira-

ble for automotive purposes.

The effect of talc loading and particle size/aspect ratio

on the dimensional stability, i.e., CLTE and shrinkage,

and the mechanical properties of composites based on PC,

PBT, and talc are of primary interest in this paper. In par-

ticular, our goal is to determine whether the use of nano-

particles opposed to fine particles can allow lower load-

ings of reinforcement for filled PC/PBT blends while

maintaining the desired mechanical properties (stiffness

and tensile toughness) and dimensional stability (CLTE

and shrinkage) of flat panels produced by means of injec-

tion molding.

EXPERIMENTAL

Materials

The PC used in these experiments was Lexan 101,

which was provided by GE. It has a solid density of 1.20

g/cm3, melt flow rate of 0.7 g/min at 3008C, and a glass

transition temperature of 1608C. The PBT used was Cela-

nex 1600A, which was provided by Ticona. It has a solid
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density of 1.31 g/cm3 and a glass transition temperature of

558C. Fine talc particles (Cimpact 699) provided by Luze-

nac and nanotalcs provided by Nanova were used in this

study. The fine talc particles had a disk-shaped geometry

that have an average aspect ratio on the order of 5–10,

where the aspect ratio is defined as the ratio of the disk di-

ameter to the thickness of the plate and an average particle

diameter of 1.5 lm. The chemical formula for talc is

Mg3(Si4O10)(OH)2, and the chemical structure of the talc

particles is comprised of a layer of magnesium–oxygen/

hydroxyl octahedral sandwiched between two layers of sili-

con–oxygen tetrahedral [21]. The basal surface of the talc

particles does not contain any hydroxyl groups or active

ions and, therefore, it is chemically inert. Cimpact699 was

chosen because of its small average particle size. The nano-

talc also had a disk-shaped geometry, but the average aspect

ratio and particle diameter were on the order of 20–25 and

70–150 nm, respectively. It should be noted that the fine

talc particles were not surface-treated, while the nanotalc

particles were treated with a proprietary surface treatment

(Nanova). No additives were used in the melt-processing

steps, such as an inhibitor for the interchange reactions that

may occur with PC and PBT. However, based on previous

studies, uncatalyzed blends of PC and PBT were found to

have negligible amounts of transesterification products at the

processing conditions employed for this study [22–24]. The

overall residence time of the melt blends in the compound-

ing and injection molding steps combined was less than 5

min for this study. It was shown by Nazabal and coworkers

[24] that a negligible amount of interchange reactions

occurred for blends of PC and PBT when mixed in a batch

reactor at a residence time of 8 min or less.

Compounding and Injection Molding of PC/PBT Blends
and PC/PBT/Talc Composites

Prior to melt processing, the PC, PBT, and talc (fine or

nano) were all dried in a vacuum oven for at least 14 h at

a temperature of 1208C. In preparation of the PC/PBT

blends, the dried pellets of PC and PBT were first

mechanically mixed at various blend ratios of PC-to-PBT

(40/60, 50/50, 60/40, and 70/30 by weight). For the case

of the PC/PBT/talc composites, dried pellets of PC and

PBT at a blend ratio of 60/40 (PC/PBT by weight) were

dry-blended with the fine or nanotalc particles at talc con-

centrations of 3 and 6 wt%. PC/PBT/talc composites were

also mixed at 1 wt% with the nanotalc particles. Once dry

blending was complete, the PC/PBT blends and PC/PBT/

talc composites were melt-blended using a single-screw

Killion extruder that had a 25-mm diameter barrel and a

L/D of 30. The die was cylindrical with an L/D of 2.5

and a diameter of 3 mm. The screw speed was maintained

at 20 rpm, and the melt temperature was 2608C with a

temperature profile of 220/240/260/2608C from hopper to

the exit of the die. Upon exiting the die, the composite

strands were quenched in a water bath and then chopped

into 6-mm long pellets.

After compounding, the pellets were dried in a vacuum

oven for at least another 14 h at 1208C before injection

molding. After drying, the PC/PBT blends and PC/PBT/

talc composites were injection-molded using an Arburg

Allrounder model 221-55-250 injection-molding machine.

The Arburg Allrounder had a 22-mm diameter screw, a

check ring nonreturn valve, and an insulated nozzle that

was 2 mm in diameter [25]. The composites were injec-

tion-molded at a melt temperature of 2608C, a mold tem-

perature of 1008C, a holding pressure of 100 bars, and a

screw speed of 200 rpm, into a rectangular end-gated

mold with dimensions of 80 mm by 76 mm by 1.6 mm.

Dynamic Mechanical Thermal Analysis
of Molded Plaques

Dynamic mechanical thermal analysis of the PC/PBT

blends and the PC/PBT/talc composites was performed

using a Rheometrics RMS-800 rheometer. Along with

measurements of the storage (G0) and loss (G00) moduli, the

CLTE was also measured. When using a torsional rectangu-

lar geometry, the Rheometrics RMS-800 contains a function

called autotension, which maintains a small tension on the

samples as it expands during heating. When autotension is

enabled, the displacement of a sample can be measured as

the material is heated from an initial testing temperature.

Therefore, the CLTE of a sample can be measured experi-

mentally within the range of temperatures tested. To per-

form the tests, rectangular strips �75 mm long by 8 mm

wide were cut near the center of the plaques. Once the

strips were mounted in the rheometer, G0, G00, and the

change in length as a function of temperature were meas-

ured. The temperature range of 30–1008C was investigated

at a temperature ramp rate of 58C/min under a continuous

nitrogen atmosphere. For each composite generated, three

samples were tested to check for reproducibility. The CLTE

of each composite generated was determined by plotting

the change in length normalized to the initial length at

308C as a function of temperature. The slope of the line is

the CLTE for that material, and it has units of mm/mm/8C.

Mold Shrinkage Measurements of
Injection-Molded Plaques

The shrinkage measurements in the flow of the molded

plaques were made in accordance with ASTM standard D

955-00. The percent mold shrinkage was calculated from

the following equation:

MS ¼ DC� DS

DC

� �
3 100 ð1Þ

where MS is the percent mold shrinkage that is observed,

DC is the dimension of the mold cavity in millimeters,

and DS is the dimension of the specimen. A minimum of

10 samples was tested, and the average value and stand-

ard deviation were calculated from the data.
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Mechanical Properties

Flexural and tensile properties of the composites were

tested by using an Instron mechanical tester, model 4204.

Test specimens were prepared by cutting rectangular

strips �75 mm long by 8 mm wide near the center of the

molded plaques. Flexural specimens were tested in ac-

cordance with ASTM standard D 790, while the tensile

specimens were tested at a crosshead speed of 1.27 mm/

min in accordance with ASTM standard D 2256. An

extensiometer, Instron model 2630-25, was also used for

all tensile tests to provide an accurate measure of the ten-

sile modulus. A minimum of five samples was tested in

the flow direction, and an average value and standard

deviation were calculated from the data.

Transmission Electron Microscopy

The morphology of the PC/PBT/talc composites was

characterized by means of transmission electron micros-

copy (TEM) using a Philips EM420T. The acceleration

voltage used was 100 kV. Ultrathin sections of the injec-

tion-molded plaques were cut at room temperature using

a Reichert-Jung Ultracut E Microtome fitted with a 358
diamond knife. The ultrathin sections were recovered on a

300-mesh Cu grid. Delimoy et al. [22] reported that the

natural phase contrast between the PC and PBT phases is

weak. Therefore, to improve the phase contrast, samples

were stained by exposing RuO4 vapors for �15 min fol-

lowing the procedure described by Delimoy et al. [22]. In

this study, the specimen blocks were cut near the center

of the molded plaques, and microtomed sections were cut

perpendicular to the flow direction.

Rheological Measurements of the Composite Melts

Dynamic oscillatory shear flow measurements of the

PC/PBT/talc composites and the PC/PBT matrix in the

melt state were obtained using a parallel-disk rheometer

(Rheometrics RMS-800) with 25-mm diameter plates. The

complex viscosity, |g*|, and storage modulus, G0, were

investigated in a frequency range of 0.1–100 rad/s at a

melt temperature of 2608C under a continuous nitrogen

atmosphere. A strain of 5% was maintained to ensure that

the measurements were taken within the linear visco-

elastic region. Test specimens that were 1.0-mm thick

were prepared by compression molding the generated pel-

lets into 25-mm diameter disks at 2608C. A minimum of

three samples was tested to check for reproducibility.

RESULTS AND DISCUSSION

Effect of Blend Ratio (PC-to-PBT) on the Dimensional
Stability of PC/PBT Blends

The effect of blend ratio on the dimensional stability,

i.e., CLTE and mold shrinkage, of the PC/PBT blends

was investigated by varying the blend ratio of PC to PBT

(40/60, 50/50, 60/40, and 70/30 by weight). In Fig. 1, the

thermal expansion and CLTE of the PC/PBT blends are

illustrated as a function of blend ratio over the tempera-

ture range of 30–1008C. The thermal expansion and

CLTE of unfilled PC and PBT are also shown for com-

parative purposes. The numerical values on the right hand

side of Fig. 1 are the CLTE values (mm/mm/8C), which
were determined by the slopes of the lines within the tem-

perature range of 40–1008C. The CLTE and the overall

dimensional change of the neat PBT are much greater

than that of the neat PC. The large difference in the ther-

mal properties between unfilled PC and PBT is due to

PBTs low glass transition temperature of 50–558C relative

to that of PC, which is 1608C. With an increase in PC

content, the CLTE and the overall dimensional change of

the blends decrease, but the magnitude of the decrease is

much more pronounced when the PBT phase is dominant

relative to that of the PC phase over the temperature

range studied. Once the PC phase is the dominant phase

on a per volume basis, the reduction in the thermal expan-

sion and CLTE is relatively unchanged with any further

increase in PC concentration. For example, at a PC con-

centration of 70% by weight, the CLTE of the PC/PBT

blend is reduced by 18% and 12% relative to that of the

PC/PBT blends at a PC content of 40 and 50% by weight,

respectively. However, the CLTE of the blend at a PC

concentration of 70% by weight is only reduced by less

than 1% relative to that of the blend at a PC concentra-

tion of 60% by weight. Furthermore, at a PC concentra-

tion 60 and 70% by weight, the overall dimensional

change at a temperature of 1008C is reduced by 26% and

20% relative to that of the blends at a PC concentration

of 40 and 50% by weight, respectively. The results sug-

gest that the PC phase controls the dimensional stability

of PC/PBT blends due to its high glass transition tempera-

ture relative to that of the PBT.

The shrinkage in the flow direction of the injection-

molded PC/PBT blends is illustrated as a function of

blend ratio in Fig. 2. Similar trends are observed for the

shrinkage of the molded PC/PBT blends. The shrinkage

of the neat PBT is �70% greater than that of the neat

PC. The large difference in the shrinkage between PC and

PBT is due to crystallization of the PBT during injection

molding. The PC resin is amorphous, and hence, no crys-

tallization takes place when molding the neat PC. With

an increase in PC content, the shrinkage of the blends

decrease, but the magnitude of the decrease is much more

pronounced when the PBT phase is dominant relative to

that of the PC phase. Once the PC phase is the major

phase, the reduction in the shrinkage is relatively

unchanged with any further increase in PC concentration.

It is interesting to note that the shrinkage of the blends at

a PC content of 60% by weight or greater is equivalent

(\1% difference) to that of the neat PC. This is further

evidence that PC controls the dimensional stability of the

PC/PBT blends.
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These results suggest that the dimensional stability of

PC/PBT blends is controlled by the PC phase and that

there is no significant advantage in terms of dimensional

stability in using a blend ratio of PC to PBT that is

greater than 60/40. Although the mechanical properties of

the blends are not reported here, it has been shown by

Nazabal et al. [24] that the tensile properties, i.e., modu-

lus and strength, of uncatalyzed PC/PBT blends are maxi-

mized at a blend ratio of 75/25 (PC/PBT). However, the

difference in tensile modulus and strength of the PC/PBT

blends at a blend ratio of 75/25 to that of 60/40 was in-

significant (\3%). Therefore, composites consisting of

PC, PBT, and talc (fine particles and nanoparticles) are

generated at a blend ratio of 60/40 (PC/PBT) in the sec-

tions that follow, unless otherwise specified. A blend ratio

of 60/40 is used for two reasons. First of all, there is no

significant advantages in dimensional stability or mechan-

ical properties when a blend ratio greater than 60/40 is

used. Second, a further increase in the PC content ([60

wt%) may result in a reduction of the solvent and hydro-

lysis resistance of the PC/PBT blends because of a reduc-

tion in PBT concentration. Solvent and hydrolysis resist-

ance is necessary for use in the manufacture of exterior

car door panels.

Effect of Talc Concentration and Particle
Size/Aspect Ratio on the Dimensional Stability
of PC/PBT/Talc Composites

The effect of talc concentration on the dimensional sta-

bility of the PC/PBT/talc composites was investigated by

varying the loading level of talc (3 and 6 wt%). Particle

size and aspect ratio of the composites were investigated

by combining the PC/PBT blends with either fine talc par-

ticles (1.5 lm in diameter and an aspect ratio of 5–10) or

nanotalc particles (70–150 nm in diameter and an aspect

ratio of 20–25) at the talc loadings mentioned earlier. In

Fig. 3, the thermal expansion and CLTE of the PC/PBT/

talc composites (fine talc particles) is illustrated as a func-

tion of talc concentration in the temperature range of 30–

1008C. Data for PC/PBT/talc composites generated with

nanoparticles were omitted for clarity. With the addition

of talc particles, the CLTE and the magnitude of the

dimensional change at 1008C remained unchanged rela-

tive to that of the unfilled PC/PBT matrix, regardless of

particle size (fine versus nano). Similar trends were also

observed with the shrinkage of the molded panels. The

mold shrinkage in the flow direction of the generated pla-

ques was �1.45% (60.2%) at all talc concentrations

FIG. 2. Comparison of mold shrinkage for PC/PBT blends as a func-

tion of PC concentration (wt%), i.e., blend ratio of PC to PBT.

FIG. 3. Thermal strain (mm/mm) and CLTE values (mm/mm/8C) of

PC/PBT/talc composites as a function of fine talc concentration (wt%).

The PC/PBT blend ratio is 60/40 by weight. A talc loading of 0% by

weight refers to the PC/PBT matrix. A temperature ramp of 58C/min

was applied. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

FIG. 1. Thermal strain (mm/mm) and CLTE values (mm/mm/8C) of

PC/PBT blends as a function of PC concentration, i.e., blend ratio of PC

to PBT. A temperature ramp of 58C/min was applied. [Color figure can

be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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investigated. Particle size also had no influence on the

shrinkage of the generated plaques. This is an interesting

result, because it suggests that a reduction in talc content

will have no affect on the dimensional stability of the PC/

PBT blends at a blend ratio of 60/40 or greater.

Mechanical Properties of PC/PBT/Talc Composites

In Fig. 4, the effect of talc concentration on the flex-

ural modulus of the PC/PBT/talc composites is investi-

gated by varying the loading level of talc (3 and 6 wt%).

PC/PBT/talc composites are also generated with 1 wt% of

the nanotalc particles. The PC/PBT matrix has a flexural

modulus of 2.1 GPa. With the addition of talc (fine par-

ticles or nanoparticles), the flexural modulus increases

with an increase in talc loading. In the case of the fine

talc particles, there is a linear increase in the flexural

modulus and, at a talc loading of 6% by weight, the flex-

ural modulus is 2.43 GPa, which corresponds to a 17%

increase in modulus relative to that of the unfilled PC/

PBT matrix. For the composites generated with nanopar-

ticles opposed to fine particles, there is initially a signifi-

cant increase in the flexural modulus relative to that of

the PC/PBT matrix at a talc loading of 1% by weight.

However, with further addition of nanotalc, the flexural

modulus only increases slightly. For example, the flexural

modulus at a nanotalc loading of 1% is 2.45 GPa (17%

increase relative to that of the PC/PBT matrix), whereas,

at a nanotalc loading of 6% by weight, the modulus is

only 2.53 GPa (20% increase relative to that of the PC/

PBT matrix), which corresponds to a 3% increase in mod-

ulus. It should also be noted that the flexural modulus is

always greater for the composites generated with the

nanotalc particles as opposed to those of the fine talc par-

ticles, regardless of talc concentration. Furthermore, at a

nanotalc loading of 1 wt%, the flexural modulus of the

composite is equivalent to that of the PC/PBT/talc com-

posite generated with fine talc particles at a talc loading

of 6 wt%. The greater flexural modulus observed for the

composites generated with the nanotalc particles as

opposed to fine talc particles is attributed to the higher as-

pect ratio of the nanoparticles (20–25) relative to that of

the fine talc particles (5–10). These results are in qualita-

tive agreement with the Halpin–Tsai equations [15, 26,

27], which predict an increase in modulus with an

increase in aspect ratio up to an aspect ratio on the order

of 100.

Talc concentration has little influence (\3%) on the

flexural strength of the ternary composites, but the parti-

cle size and/or aspect ratio does. The flexural strength of

the PC/PBT matrix is 65 MPa. With the addition of fine

talc particles, the flexural strength of the ternary compo-

sites is �70 MPa while it is �80 MPa when nanotalc par-

ticles are used. This corresponds to a 10% increase in

flexural strength when fine particles are used and 24%

increase in flexural strength when nanotalc particles are

used relative to that of the unfilled PC/PBT blend.

Finally, the tensile toughness as measured by the area

under the stress–strain curve of the PC/PBT matrix and

the PC/PBT/talc composites is illustrated in Fig. 5. As

expected, the tensile toughness of the composites is

reduced with an increase in talc concentration. However,

the composites generated with the nanotalc particles retain

the initial tensile toughness of the unfilled PC/PBT matrix

to a greater extent than that of the composites generated

with the fine talc particles, with an exception occurring at

a nanotalc loading of 6% by weight. For instance, at

nanotalc loadings of 3% by weight or less, the tensile

toughness of the composites is 36% greater than that of

the composites generated with fine talc particle at an

FIG. 4. Comparison of flexural modulus as a function of talc loading

(fine talc versus nanotalc) for ternary PC/PBT/talc composites. The PC/

PBT blend ratio is 60/40 by weight. A talc loading of 0% by weight

refers to the PC/PBT matrix.

FIG. 5. Comparison of tensile toughness as a function of talc loading

(fine talc versus nanotalc) for ternary PC/PBT/talc composites. The PC/

PBT blend ratio is 60/40 by weight. A talc loading of 0% by weight

refers to the PC/PBT matrix.
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equivalent level of reinforcement. On the other hand, at a

nanotalc loading of 6% by weight, the tensile toughness of

the molded plaques is reduced by 99% relative to that

of the unfilled PC/PBT matrix and by 90% relative to that

of the molded plaques generated with fine talc particles at

an equivalent concentration of talc. The greater tensile

toughness observed for the molded plaques generated

with the nanotalc as opposed to fine talc is attributed to

the reduction in particle size when using the nanopar-

ticles. A reduction in the particle size leads to an increase

in the surface area at the filler/matrix interface as well as

a reduction in the average distance between the particles

within the base resin and, hence, an increase in tensile

toughness [12]. Hancock et al. [28] and Abolins [29] have

reported similar observations. They found that maximum

values of toughness were obtained for fillers with the

smallest average particle sizes, provided that there were

no coarse particles present and the dispersion of the par-

ticles was good. The findings by Hancock et al. and

Abolins [28, 29] suggest that the extreme reduction in the

tensile toughness of the composites generated at a nano-

talc loading of 6% by weight is most likely due to the

presence of large agglomerates of the nanoparticles. The

phase morphology and the dispersion of the talc particles

within the PC/PBT matrix will be discussed in more

detail in a later section.

By using nanotalc particles opposed to fine talc par-

ticles, the level of talc reinforcement can be reduced from

6 to 1 wt% without sacrificing the dimensional stability

or flexural modulus of the PC/PBT/talc composites. Fur-

ther benefits include a 14% increase in flexural strength

and a 120% increase in the tensile toughness. A reduction

in the level of talc reinforcement also leads to a reduction

in the density of the PC/PBT/talc composites and, hence,

a reduction in the overall weight of the molded part. The

weight savings that are gained by reducing the loading

level of talc are discussed in the following section.

Density Savings

In Fig. 6, the flexural modulus of the composites and

the PC/PBT matrix is illustrated as a function of solid

density. The numerals refer to the concentration of the

talc particles in percent by weight of the composites, 0

refers to the unfilled PC/PBT matrix. The solid densities

of the PC, PBT, and talc (fine particles and nanoparticles)

are 1.2, 1.31, and 2.75 g/cm3, respectively. The density of

the composites is estimated by assuming that the compo-

nent volumes are additive. Therefore, a simple averaging

formula is used to calculate the solid density of the mix-

tures. The flexural modulus along with the density of the

composites increases with an increase in the talc concen-

tration. Because of the large difference in density of the

talc particles relative to that of the PC and PBT compo-

nents, a small increase in talc concentration leads to a sig-

nificant increase in the density of the talc filled compo-

sites relative to that of the unfilled PC/PBT matrix. At a

talc loading of 6% by weight, the density increases by

�3.5% relative to that of the unfilled matrix (from 1.241

g/cm3 to 1.284 g/cm3). By observation of Fig. 6, it is

clear that the level of talc reinforcement can be reduced

from 6 to 1 wt% without sacrificing the flexural modulus

of the PC/PBT/talc composites with the use of nanotalc

particles as opposed to fine talc particles. With the 83%

reduction in talc concentration, the density is reduced

from 1.284 g/cm3 to 1.248 g/cm3, which corresponds to a

3% reduction in density relative to that of the unfilled

PC/PBT matrix (1.241 g/cm3).

Morphology of the PC/PBT/Talc Composites

In Fig. 7, images obtained by means of TEM for the

composites are shown at a talc concentration of 6 wt% of

fine talc particles and talc concentrations of 3 and 6% by

weight of nanotalc. In these micrographs, the talc particles

are black and have particle diameters that range from

0.5 lm to 2–3 lm for the fine particles and 70–150 nm

for the nanotalc particles, while the plate thickness ranges

from 0.2 lm to 0.3 lm and 6–8 nm, respectively. The PC

phase is a dark gray due to staining with the RuO4

vapors, while the PBT phase is white or a light shade of

gray. The composites prepared at a nanotalc loading of

6% by weight have the lowest observed tensile toughness,

which is reduced by �96% relative to that of the unfilled

PC/PBT matrix. The extreme reduction in the tensile

toughness is due to agglomeration of the nanotalc par-

ticles (see Fig. 7c and d). This significantly contributes to

a reduction in tensile toughness, because it has been

shown that the toughness decreases with the addition of

coarse particles [28, 29]. With the exception of the com-

posites generated at a nanotalc loading of 6% by weight,

the tensile toughness of the composites produced with the

FIG. 6. Comparison of flexural modulus as a function of density for

ternary PC/PBT/talc composites. The numerals correspond to the talc

loading in percentage by weight. Zero refers to the unfilled PC/PBT ma-

trix, which has a PC/PBT blend ratio of 60/40 by weight.
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smaller sized nanoparticles is greater than that of the

composites produced with the fine particles. In this case,

the greater observed tensile toughness of the composites

generated with the nanotalc particles is due to the smaller

particle size of the talc and better dispersion of the nano-

talc particles within the PC/PBT matrix. Some agglomera-

tion of the talc particles is observed when fine particles

are used as opposed to nanoparticles, which contribute to

the greater reduction in the tensile toughness that is

observed, but not nearly to the extent that is observed at a

nanotalc loading of 6% by weight.

A fibrillar phase morphology is observed for the PC/

PBT/talc composites (see Fig. 7), where the PBT droplets

deformed into fibrils within the continuous PC phase. In a

FIG. 7. Transmission electron photomicrographs of PC/PBT/talc composites as a function of talc particle

size and loading: (a) 6 wt% fine talc; (b) 3 wt% nanotalc; (c) 6 wt% nanotalc; (d) 6 wt% nanotalc (higher

magnification). The dark gray phase is PC, the white or light gray phase is PBT, and the black platelets are

the talc particles.
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separate study, the authors [21] found that the viscosity

ratio of the PC/PBT at 2608C is 2.6, which is on the order

of 1.0. Therefore, the PBT droplets are expected to

deform into fibrils and then breakup into dispersed drop-

lets, but in this case the stretched PBT fibrils do not break

up and, hence, the observed fibrillar phase morphology.

These results suggest that the shear rates generated during

compounding of the composites are not great enough to

break up the elongated droplets and, hence, a fibrillar

phase morphology is observed. A fibrillar phase morphol-

FIG. 8. Transmission electron photomicrographs of PC/PBT/talc composites as a function of talc particle

size and loading at a higher magnification: (a) 6 wt% fine talc; (b) 3 wt% nanotalc; (c) 6 wt% nanotalc; (d)

6 wt% nanotalc (higher magnification). The dark gray phase is PC, the white or light gray phase is PBT, and

the black platelets are the talc particles.
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ogy for unfilled PC/PBT blends at a blend ratio of 60/40

by weight was also observed by Delimoy et al. [22]. A

single-screw extruder was also used in that study. The do-

main size and phase structure seems to be unaffected by

the talc concentration or particle size, i.e., fine talc versus

nanotalc.

Photographs of the composites are shown at a higher

magnification in Fig. 8. One can see that the talc particles

are encapsulated within the PBT phase, if agglomeration

of the talc particles is not present. When fine talc particles

are used to reinforce the PC/PBT matrix, the talc particles

are mainly encapsulated within the PBT phase and have

limited contact with the PC phase. In some cases, how-

ever, the diameter and thickness of the fine talc particles

is greater than that of the PBT phase and, therefore, the

talc particles have some contact with the PC phase. With

nanotalc particles, on the other hand, the diameter and

thickness are much smaller than that of the PBT phase.

This leads to complete isolation of the talc particles from

the PC phase. In a separate study, the authors [21] found

that encapsulation of the talc particles improves both ten-

sile toughness and dimensional stability of talc-filled PC/

PBT composites. Therefore, it is possible that the com-

plete isolation of the nanotalc particles from the PC phase

may also contribute to the higher tensile toughness that is

observed when nanotalc particles are used as opposed to fine

talc particles, at an equivalent level of talc reinforcement.

Rheology of Composite Melts

Although particulate fillers are added to polymer melts

to increase the stiffness or rigidity and/or reduce the cost

of the blend, they also can have a significant affect on the

rheological properties and, hence, the ability to process

the composites. Rheological properties are also sensitive

to small changes in the morphological state and to the

molecular weight of the materials. Recently, Lee and Han

[19] and Yoon et al. [30] have observed a reduction in

the storage modulus, G0, relative to that of the matrix at

high frequencies for PC nanocomposites. Yoon et al. [30]

attributed the reduction in G0 at high frequencies to degra-

dation in the molecular weight of the PC matrix with the

addition of nanoclay.

To determine the effects of talc concentration and par-

ticle size on the viscoelastic flow behavior of the compos-

ite melts, G0 and |g*| of the composites and the PC/PBT

matrix are illustrated in Figs. 9 and 10 at 2608C (i.e., the

melt processing temperature of the materials). As the talc

concentration increases, the magnitude of G0 increases in

the low frequency region (long relaxation times). How-

ever, the increase in the magnitude of G0 in the low fre-

quency region is more pronounced when nanotalc is used

to reinforce the PC/PBT matrix relative to that of the fine

talc. The greater increase in G0 at low frequencies when

the nanotalc is used as opposed to the fine talc is due to

the increased surface area of the nanotalc and adhesion

between the nanotalc and the PC/PBT matrix. Similar

results have been reported by many other authors [12, 31,

32]. A decrease in the particle size leads to an increase in

G0 at low frequencies, which becomes more evident as

the particle loading increases. It is interesting to note that

with an increase in talc loading from 3 to 6% by weight,

the magnitude of G0 at low frequencies increases by a

FIG. 9. Comparison of storage modulus, G0, as a function of talc load-

ing (fine talc versus nanotalc) for ternary PC/PBT/talc composites at a

temperature of 2608C and a strain of 5% under nitrogen. [Color figure

can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

FIG. 10. Comparison of complex viscosity, |g*|, as a function of talc

loading (fine talc versus nanotalc) for ternary PC/PBT/talc composites at

a temperature of 2608C and a strain of 5% under nitrogen. [Color figure

can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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greater extent when fine talc is used as opposed to the

nanotalc, which is unexpected. At a nanotalc loading of

6% by weight, it should be expected that the magnitude

of G0 in the low frequency region would be much larger

than that of the composites generated at a nanotalc load-

ing of 3% by weight because of the differences in the

morphology. Agglomeration of the nanotalc particles,

which tends to increase G0 at low frequencies, is observed

at a talc loading of 6 wt% (see Fig. 7d), but it is not

observed at a talc loading of 3 wt% (see Fig. 7c). It is

possible that the lack of a significant increase in G0 at

low frequencies may be due to significant degradation of

the PC/PBT matrix promoted by the surface treatment

that is applied to the nanotalc particles.

The rheological behavior of G0 at low frequencies is in

good agreement with the observed flexural modulus of the

composites. An increase in G0 at low frequencies is indic-

ative of an increase in the long relaxation times of the

material and, therefore, inhibits stress relaxation of the

polymer chains. This allows for a higher degree of orien-

tation to be locked into an injection-molded part and,

hence, higher modulus. For example, the flexural modulus

of the composites generated with the fine talc particles

increases with an increase in talc loading, while G0 at low
frequencies also increases with an increase in talc loading.

Furthermore, the flexural modulus and G0 at low frequen-

cies of the composites generated with nanotalc are greater

than that of the composites generated with fine talc

particles.

In the high frequency region, the magnitude of G0 con-
verges to that of the PC/PBT matrix when the fine talc

particles are used, regardless of talc loading (see Fig. 9).

This is typical behavior for particulate-filled composites.

However, in the case of the nanofilled PC/PBT compo-

sites, the magnitude of G0 in the high frequency region is

a half an order of magnitude lower than that of the PC/

PBT matrix at a loading of 3 wt%. With an increase in

talc loading to 6 wt%, the magnitude of G0 at high fre-

quencies is further reduced and is approximately an order

of magnitude lower than that of the PC/PBT matrix. Simi-

lar results have been observed for PC composites filled

with nanoclay particles [30]. Yoon et al. [30] attributed

the reduction in G0 at high frequencies to a reduction in

the molecular weight of the PC matrix. The degree of mo-

lecular degradation was found to be dependent on the sur-

face treatment that was applied to the nanoclay particles.

Based on their results, it is plausible that the reduction in

G0 at high frequencies with an increase in nanotalc load-

ing is due to a reduction in the molecular weight of the

PC/PBT matrix, which seems to be enhanced by the sur-

face treatment that is used to prevent agglomeration of

the nanotalc. Degradation of the surface treatment at the

high temperatures employed during the compounding and

molding of the composites as well as the presence of

hydroxyl groups may contribute to the significant reduc-

tion in the molecular weight of the PC/PBT matrix. In the

case of the fine talc, the magnitude in G0 at high fre-

quency is not reduced but equivalent to that of the matrix

up to a loading of 6 wt%. The lack of reduction in G0 at
high frequencies may be due to the fact that the fine talc

particles are not surface-treated.

The complex viscosity, |g*|, of the PC/PBT/talc com-

posites decreases with an increase in talc concentration,

but the magnitude of the decrease is much more pro-

nounced when nanotalc particles are used relative to that

of the fine talc particles. The viscosity at a frequency of

1 rad/s is reduced by 18 and 30% at fine talc loadings of

3 and 6 wt% relative to that of the PC/PBT matrix, while

it is reduced by 70 and 90% at nanotalc loadings of 3 and

6 wt% relative to that of the PC/PBT matrix. The extreme

reduction in the viscosity that is observed when nanotalc

particles are used is most likely due to a decrease in mo-

lecular weight of the matrix. Even though there is a sig-

nificant reduction in viscosity and, most likely, in molecu-

lar weight with an increase in talc concentration, the flex-

ural modulus of the filled composites still increases with

an increase in talc concentration. It is also interesting to

note that a yield stress is observed at a nanotalc loading

of 6 wt%, whereas it is not observed at a nanotalc loading

of 3 wt% or for the composites generated with the fine

particles. These results are in good agreement with the

observed phase morphology of the composites. The pres-

ence of a yield stress at a nanotalc loading of 6 wt% is

attributed to agglomeration of the talc particles that is

observed in Figs. 7c and d, and 8c, while the lack of an

observed yield stress at a nanotalc loading of 3 wt% is

attributed to good dispersion of the talc particles within

the PC/PBT matrix, as observed in Figs. 7b and 8b.

CONCLUSIONS

The effect of talc concentration and particle size on

the dimensional stability, structure–property relationships,

and rheological behavior of PC/PBT/talc composites was

investigated. By using nanotalc as opposed to fine talc

particles, the level of talc reinforcement could be reduced

from 6 to 1 wt% without sacrificing the dimensional sta-

bility, i.e., CLTE and shrinkage of the molded plaques, or

flexural modulus of the PC/PBT/talc composites at a PC-

to-PBT blend ratio of 60/40 or greater. Further benefits of

the PC/PBT/talc nanocomposites generated with 1 wt% of

nanotalc include a 14% increase in flexural strength, a

120% increase in the tensile toughness, and a 3% reduc-

tion in the density of the PC/PBT/talc composites. The

flexural modulus of the composites increased with an

increase in talc concentration and particle size, even

though the viscosity was significantly reduced due to a

loss of molecular weight of the PC/PBT matrix. A severe

reduction in tensile toughness of the composites generated

at a nanotalc loading of 6 wt% was observed and attrib-

uted to agglomeration of the talc particles, which was not

observed at a nanotalc loading of 3 wt%. The tensile

toughness of the composites produced with the fine talc

particles was lower than that of the composites generated
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with nanotalc (3 wt% or less) because of some agglomer-

ation of the talc particles. It is also interesting to note that

the PC phase controls the dimensional stability of PC/

PBT blends, once the PC content is greater than 60% by

weight. There is no further reduction in CLTE or mold

shrinkage with the addition of talc particles, once the PC-

to-PBT blend ratio is 60/40 or greater.
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