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ABSTRACT: The aim of this study was to examine the physical, mechanical, and thermo-physical properties of high-density polyethyl-

ene (HDPE) modified with talc. Different weight fractions of talc (up to 35 wt %) were compounded with an HDPE matrix contain-

ing 2.5 wt % of carbon black (CB) in a twin-screw compounder. The composites were then processed by injection moulding to

obtain specimens for testing. The results indicate that CB causes a significant decrease in the toughness, while talc not only enhances

the thermal conductivity and thermo-physical properties of the composites but can also play a role in compensating for the negative

effects of CB on impact resistance. The experimental data show that the presence of CB reduces the impact resistance of HDPE by up

to 34%, while addition of up to 8 wt % talc can return this value to close to that of pure HDPE. No significant effect on the com-

posite tensile yield and fracture strength was observed for either component at all concentrations. The thermal conductivity, thermal

diffusivity, and specific density values of the composites increased almost linearly, but the increase in moisture absorption in the long

term showed nonlinear behavior in the concentration range of the experiment. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 2128–

2138, 2013
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INTRODUCTION

Modern society has been influenced to a great degree by poly-

mer technology. In fact, today we could not imagine living

without polymers and polymer composites. Also, researchers

and practitioners are attempting to develop new materials by

reducing the size of material constituents to the nanoscopic

scale, and by different types of compositions to achieve a wide

variety of properties. Ever since the polymer industry developed,

significant efforts have been made to improve the properties of

polymers according to market needs. Most properties of poly-

mers can be enhanced using reinforcing agents, additives, and

fillers to fulfil material requirements for very specific applica-

tions. In many cases, synergistic effects can also be seen when

two or more fillers are used at the same time.

By adding fillers and particles to polymers, the mechanical,1,2

electrical, and thermal properties,3,4 and also their UV stability,

can be improved.5 Many particles have been used, such as metals,

carbon, glass fiber, and ceramic, each of which can give different

qualities and properties for the intended end use, so it is therefore

important to fully understand the effect of different additives in a

particular polymeric matrix. For example, weathering, environ-

mental degradation, and the thermal stabilization of polymers

have been given much attention for many years. Carbon black

(CB) has been used as an economical additive in many thermo-

plastics and thermosets compounds; it is also a very effective

additive for improvement of the outdoor stability of plastics. It

has been shown that for high density polyethylene-CB (HDPE)

composites, even at a level of 0.05 wt % of CB, the composite has

very good UV-screening strength and this can be enhanced fur-

ther by adding up to 5 wt % of CB.6,7 The drawback is, however,

that CB can reduce the mechanical properties of HDPE at higher

loadings.8 It has been shown that the tensile strength of HDPE is

increased by addition of up to 3 wt % CB, but higher loadings of

up to 8 wt % will not have this effect.8

Talc is a mineral composed of hydrated magnesium silicate

arranged in three disc-shape layers. In the middle, there is a

layer of magnesium-oxygen/hydroxyl octahedra, while the two

outer layers are composed of silicon-oxygen tetrahedra. These

layers are kept together only by van der Waals’ forces, and the

layers have the ability to slip over each other easily, which

makes talc the softest known mineral, measured as 1 on the

Mohs hardness scale.9,10 Thanks to its unique characteristics

such as softness, chemical inertness, slipping, oil and grease
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absorption, whiteness, availability, and its rather low price, talc

has been used for many years as an attractive filler in a wide

range of industries such as paper, pharmaceuticals, polymers,

paint, lubricants, ceramics, and cosmetics.11 In recent years,

there has been interest in investigating the effect of talc in poly-

propylene (PP) blends—not only as filler because of financial

considerations but also due to some of its functional properties.

Thus, there have been several studies on the influence of talc on

the mechanical properties, crystallinity, thermal stability, and

crystallite nucleation of PP/talc blends.12–16

Conversely, the most commonly used plastics, such as polyethyl-

ene (PE) and PP, are considered to be thermal insulators with low

thermal conductivity. There are many new applications such as

electronic packaging, pipe networks, heat exchangers, and domes-

tic appliances, in which an increase in the heat transfer properties

would be an advantage. There have been many reports on

enhancement of the thermal conductivity of polymer composites

by addition of different particles, especially metallic and metallic

oxides fillers.4,17–21 A great number of research papers and reviews

have been published, and in many cases they have attempted to

introduce models to predict the thermal conductivity of compo-

sites according to variables such as thermal conductivity of the

matrix, and the thermal conductivity, size, shape, and loading of

the filler. 22–25 A comprehensive review of the various theories

and models that have been developed to explain the thermal con-

ductivity of heterogeneous two-phase systems has been written by

Bigg.22 Sofian et al.26 studied the thermal conductivity of copper,

zinc, iron, and bronze powders in PE matrix. The results showed

that the thermal conductivity of the aforementioned composites

at a loading of 16 vol % was 1.1, 0.9, 1.3, and 1.8 W/m K respec-

tively. Also, in several papers Tavman18,19,27 have investigated the

effect of metal particles such as tin, copper, and aluminium on

the thermal conductivity of HDPE, and for these fillers the maxi-

mum thermal conductivity (3.5 W/m K) was reported for HDPE/

aluminium blends to be 33 vol %. These results show that

although metal particles have a thermal conductivity several times

higher than plastics, the corresponding composites do not have as

high values as would be expected. Bigg22 showed that inorganic

fillers are as effective in increasing the thermal conductivity as

metals, and in this case it is possible to have a combination of

good thermal and mechanical properties.

In recent studies, workers have concentrated on studying the

effect of single fillers on heat transfer and mechanical proper-

ties.28–30 However, it could be more promising to study combi-

nations of different fillers, to investigate possible synergetic

effects, and also to achieve a balance in thermal conductivity

without sacrificing the mechanical properties.

In this study, HDPE precompounded with 2.5 wt % CB was

blended in a compounder with up to 35 wt % talc loadings.

Specimens were then made by injection moulding for testing of

the thermo-physical and mechanical properties. The mechanical

properties of the composites were studied by tensile testing and

by impact testing. The thermal conductivity, thermal diffusivity,

and specific heat were evaluated by the transient plane source

(TPS) method, and the thermal stability of blends was exam-

ined by thermal gravimetrical analysis (TGA). The specific den-

sity and long-term water absorption characteristics and mor-

phology were also measured and analyzed.

EXPERIMENTAL

Materials

High-density polyethylene (HDPE) was used as a matrix mate-

rial, which was supplied by Unipetrol RPA, Czech-Republic. The

HDPE has a melt flow rate (MFI) of 0.4 g/10 min, a Vicat soft-

ening temperature of 118�C, and a density of 952 kg/m3. This

polyolefin contains 2.5 wt % of CB, which was fully precom-

pounded by the supplier. For simplicity, from here onward the

material is referred to as ‘‘PEc’’ (HDPE with CB). In order to

investigate the effect of this amount of CB, a sample of the

same neat HDPE resin without CB was also obtained from the

same supplier, and this material is referred to as ‘‘PEn’’ (HDPE

neat). The neat HDPE has an MFI of 0.4 g/10 min, a Vicat soft-

ening temperature of 122�C, and a density of 942 kg/m3. The

PEn was used as a reference to investigate the effect of the CB

added on the neat HDPE, and the PEc was used as a reference

to study the effect of talc on the HDPE/CB/talc composites

(The above information for PEc and PEn were given by sup-

plier). Commercial talc HAR T84 from Luzenac, France, was

used as filler in this study.

Particle Size Distribution of Talc

The particle size distribution was determined with a Malvern

Mastersizer, which can determine particle sizes in the range

0.05–1000 lm. Hundred milliliter of deionized water was used

as the particle dispersant. To prevent poor dispersion in the dis-

persant, about 20 mg of the talc was put in a glass test tube

and then 3 mL of deionized water was added. The sample was

then treated in an ultrasonic bath for 5 min to break up

agglomerates. The thoroughly dispersed suspension was then

transferred to the Mastersizer and measured. During the mea-

surement, the sample was agitated in the cell to avoid any set-

tling of the particles. Duplicate measurements of each sample

were performed and the average value is reported, together with

standard deviation.

Preparation of Composites

Composites were prepared by compounding the PEc and the

talc at different ratios according to Table I, in a twin-screw ex-

truder with two side-feeders (ZSK 25 WLE; Cooperion Werner

& Pfleiderer, Germany). The temperature profile used was 180–

Table I. Characterization of the Compounds Studied

Compound’s
name

HDPE
loading wt %

CB loading
wt %

Talc loading
wt %

Talc
loading v %

PEn 100 0 0 0

PEc 97.6 2.4 0 0

5 92.7 2.3 5 1.8

8 89.8 2.2 8 2.9

12 85.9 2.1 12 4.5

15 83.0 2.0 15 5.7

25 73.2 1.8 25 10.2

35 63.4 1.6 35 15.6
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220�C from feed to die (above the melting temperature of

HDPE and well below its decomposition temperature). The PEc

was fed into the main hopper with a screw speed of 230 rpm

while the talc was fed into the side-feeder with a screw speed of

300 rpm. Two individually controlled gravimetric K-tron feeders

were used to control the feeding rate, both for the resin and the

filler. The throughput was set to 13.67 kg/h for the main feeder,

while the throughput for the side-feeder was set to obtain the

desired sample composition. The extruded strand was cooled in

a water bath and pelletized. The granules were then oven-dried

followed by injection moulding in an Engel ES 200/110HL Vic-

tory with a screw diameter of 30 mm into tensile-testing bars

according to ISO standard 572-2/1A. These test bars were also

used for the Charpy impact resistance measurement, thermal

conductivity measurements, and water absorption testing. For

these tests, the samples were cut to the exact dimensions

according to the test standards.

Thermogravimetric Analysis

The thermogravimetric analysis was done in a TA instrument Q

500 TGA supplied by Waters LLC, New Castle, IN. Samples of

15 6 3 mg were heated at 10�C/min in a nitrogen purge stream

from 30 to 800�C. The flow rate of the nitrogen stream was 50

mL/min. The samples were first heated up in a nitrogen atmos-

phere to 600�C and then the gas was switched to oxygen until

800�C. The weight change as a function of time was recorded

and analyzed. The flow rate for both nitrogen and oxygen was

50 mL/min.

Mechanical Testing

The tensile testing was performed according to ISO 527 with a

tensile-testing machine MTS 20/M with a cross-head speed of

50 mm/min. Dog-bone samples for mechanical testing were pre-

pared as described in the previous section. The samples had a

gauge length of 50 mm, a thickness of 4 mm, and a width of 10

mm. Young’s modulus was determined as the tangent of the ini-

tial elastic region. At least six samples were tested for each com-

position, and their averages are shown with standard deviation

bars.

The Charpy impact strength was done according to ISO 179-1

with a Zwick test instrument (Zwick GmbH, Ulm, Germany). A

total of 10 specimens for each composition (80-mm long, 10-

mm wide, and 4-mm thick) were tested to determine the mean

impact resistance. The samples were cut from the tensile-testing

specimens. The sample designations are ISO 179-1/1eA for

specimens that were tested notched and edgewise and ISO 179-

1/1fU for those tested unnotched and flatwise.

Thermal Conductivity

Simultaneous measurements of the thermal conductivity, ther-

mal diffusivity, and volumetric specific heat of all composites

were done at room temperature and under normal pressure by

the hot disk TPS (TPS 2500 Gothenburg, Sweden) according to

ISO 22007-2.2. A 4-mm diameter Kapton sensor disk was used

to do the measurement at room temperature. The sample size

was 50 � 10 mm2 and the thickness was approximately 4 mm.

Samples were cut from the tensile bar specimens. Since the test

was carried out at ambient temperature, a fixture had been con-

structed in order not to interfere with other external source of

heat (Figure 1). In the fixture, two identical samples were used

in each measurement; one sample was placed beneath the sensor

and the other was placed on top, of the sensor. The fixture was

equipped with a heat source to enable sample heating. Data

were collected from both samples at the same time, and the

software reported thermal properties as the average value of

both samples. Each measurement was done at three different

positions on the sample surface, and the average of these values

is reported. Then the specific heat Cp of the samples was calcu-

lated by dividing the measured volumetric heat capacity by the

measured specific density.

Density

The specimens were characterized regarding dimensional stabil-

ity by determining the specific density according to the Archi-

medes method as described by ASTM D792 test method B. This

involves the measurement of the volume from the buoyancy in

a fluid of known density. A Kern analytical balance with a preci-

sion of 0.0001 g was used for all weight measurements. The

samples were weighed in air (A), as well as in medium (B),

which had a known density (q0) at room temperature. The spe-

cific density of the composite (q) was then calculated as fol-

lows:

q ¼ A

A� B
q0

Ethyl alcohol, which has a density of 0.78860 g/cm3 at 21�C,

was chosen as the fluid.

Moisture Absorption

Water absorption analysis was done on selected composite

specimens according to ASTM D570-98. The test specimens

were cut into the dimensions of 30-mm long, 10-mm wide, and

4-mm thick from the tensile bars prepared as described earlier.

The specimens were dried for 24 h at 60�C and cooled to room

temperature in a desiccator. They were weighed to the nearest

0.0001 g (W0). The test specimens were then immersed for 24 h

in distilled water at room temperature (22 6 1�C). After this

time, they were removed from the water and their surfaces were

wiped dry. They were then weighed (W1), and placed back in

the distilled water. Three specimens were analyzed for each of

the selected compositions and the average was calculated. The

percentage of water absorption (WA%) was calculated using the

equation:

Figure 1. Fixture for the thermal conductivity measurement. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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WA% ¼ ðW1 �W0Þ � 100=W0

Here, W0 is the conditioned weight after drying and W1 is the

weight after immersion in water. The procedure was done every

second week, until it resulted in an increase in weight of less

than 1%.

Scanning Electron Microscopy (SEM)

The cross-sectional fracture surfaces of the specimens were stud-

ied by SEM, using a JEOL model JSM-6610LV scanning electron

microscope (JEOL Ltd, Akishima, Japan). The tensile bar speci-

mens were fractured after immersion in liquid nitrogen, to cre-

ate a brittle fracture.

Statistical Analysis

Statistical comparisons, based on one-way analysis of variance

(ANOVA) at the 95% confidence level, were performed to test

the effects of the filler and their interactions on the mechanical

properties. Analysis of data was done using Minitab (version

15).

RESULTS AND DISCUSSION

Particle Size

Figure 2 shows the particle size distributions with respect to the

cumulative volume and the volume in each size fraction. The

values D(10), D(50), and D(90) indicate that 10, 50, or 90%

(by volume) of particles have a size equal to or less than that

corresponding value. The mean particle size was 11.14 6 0.02

lm. Figure 3 is a micrograph of the talc before compounding,

in which the plate-like shape of the particles can be seen clearly.

From the micrograph, the length of particulates were measured

by image analysis, and the median diameter obtained (10.2

lm), was in good agreement with the result from the Master-

sizer method.

Mechanical Properties

Table II shows the influence of the talc loadings on the tensile

strength, elongation at yield, and elongation at break, as well as

the E-modulus. Figure 4 shows the individual broken specimens

after the tensile test, and it can be seen that whitening occurred

only for the PEn sample, while the rest of the samples had a

ductile failure with necking of the specimen. From Figure 5,

one can see that the tensile strength at yield increased gradually

with increasing filler content. In contrast, PEc, which had 2.5%

CB, showed a slight decrease in tensile strength compared to

HDPE with no filler (PEn). The increase in tensile strength on

incorporation of talc was more evident at higher concentrations.

To evaluate the significance of differences observed between dif-

ferent composite formulations, the data (for the six talc

Figure 2. Particle size distribution.

Figure 3. Micrograph of a talc particle.

Table II. Mechanical Properties of the Different Composites (Uncertainties Represent the Standard Deviation)

Blend Strain at yield % Stress at yield MPa Stress at braek MPa E-Modulus MPa

PEn 22 6 1.9 26 6 0.3 13.3 6 0.2 660.5 6 16.8

PEc 20.4 6 1.1 25.1 6 0.5 13.1 6 0.2 695.8 6 20.0

5 16.9 6 2.4 24.5 6 0.1 12.3 6 0.1 774.2 6 31.1

8 20.96 1.1 24.6 6 0.1 12.3 6 0.0 988.3 6 18.9

12 15.1 6 0.7 25.3 6 0.2 12.7 6 0.1 1,057.9 6 57.9

15 12.9 6 0.7 25.8 6 0.1 12.9 6 0.1 1,201.8 6 15.4

25 9.7 6 0.9 26.5 6 0.3 13.3 6 0.1 1,680.9 6 51.7

35 7.1 6 0.5 28.6 6 0.2 14.3 6 0.1 2,231.1 6 38.7
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concentrations from 5 to 35% and PEc as control) were ana-

lyzed by one-way ANOVA at the 95% confidence level. A P-

value for the tensile strength at yield was less than a ¼ 0.05, we

concluded that the effect was statistically significant. The same

result was obtained for the tensile strength at break, also shown

in Figure 5. The P-value of < 0.05 for the tensile strength at

break indicated that there were significant differences between

the various composites. Regarding the elongation at yield, as

anticipated, the PEn (pure HDPE) had the highest value of all

compounds. Generally, a decrease in elongation with an increase

in filler content can always be expected due to the fact that the

filler added causes a reduction in chain mobility, giving rise to

a rapidly decreasing elongation at break. However all the com-

pounds (except PEc with 8% talc) showed a decrease in strain

at yield. The stiffness was increased with both fillers: in the

presence of CB, the E-modulus showed a slight increment—

about 5% compared to HDPE without filler—whereas the role

of talc was more prominent. Despite the fact that the two addi-

tives CB and talc are totally different in terms of shape and size,

the tensile modulus increased with higher content of either type

of particle. This behavior has been discussed by Leong et al.31

and Bakar et al.32 They reported that as the Young modulus is

measured in the elastic area before any major plastic deforma-

tions occur, improvement in the stiffness is more due to the

fact that rigid particulates restrict the mobility of the chain seg-

ments of the macromolecule. Thus, improvement in the stiffness

of composites is only weakly dependent on particle size and

shape. However, Busigin et al.33 have shown that the stiffness

should show an increase as the flake aspect ratio increases, but

for particles with aspect ratio greater than 100 lm there is a

tendency to break down during processing. They have also

shown that for two very similar particles like mica and talc at

same concentration with PP, mica is twice as effective respect to

modulus. Based on the above considerations and also our obser-

vations on the micrographs, we attribute improvement of the

modulus to the dispersion of the filler in the samples we

Figure 4. Individual test specimens after the tensile test. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Tensile strength at yield and break.

Figure 6. Impact resistance as a function of talc filler (notched and

edgewise).
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studied. To a certain degree, the stiffness of the composites

relies on the uniform dispersion of the particle in the matrix. It

is usually expected that agglomerates are formed when the par-

ticle amount is increased, leading to decrease in modulus. But

in our case, the modulus increased even at the highest talc con-

centration. This led us to infer that the talc particles are distrib-

uted uniformly but not randomly, and not as aggregates, even

at the highest concentration. This will be discussed later in this

section.

The variation in the impact strength with filler concentration is

illustrated in Figures 6 and 7 for notched specimens in the

edgewise direction respective unnotched specimens in the flat-

wise direction. As expected, almost the same behavior was

detected for the Charpy impact resistance (notched specimen,

edgewise direction) and the tensile elongation (Figure 8). At

first, with incorporation of 2.5 wt % of CB in the HDPE, the

toughness was steeply reduced by 34%. Then, in the presence of

talc, the toughness gradually improved until at 8 wt % loading

the highest value for impact was reached, which was very close

to the value for pure HDPE (83 kJ/m2). After that, the impact

resistance dropped gradually with an increase in filler loading.

As some materials and composites are more sensitive to notches

than others, it is advisable to compare the results for notched

and unnotched specimens.34 The Charpy impact test was also

done with unnotched, flatwise direction and the results are

shown in Figure 7. In the recent case also, the same trend can

be noted that PEc showed a moderate drop in impact resistance

compared to PEn (as for the notched, edgewise case). With

increase in talc loading, the impact strength increased.

Statistical analysis using one-way ANOVA also gave a significant

effectiveness of talc on the impact strength compared to the PEc

for both impact directions. Further the ANOVA analysis accord-

ing to Hsu’s MCB method (multiple comparisons with the best)

showed that the composite with 8 wt % talc was the best of all

with 95% confidence interval.

The interpretation of the mechanical properties is supported by

the SEM micrographs. Figures 9–11 show micrographs of the

cryo-fractured surfaces of PEc and of composites with 8, 25,

and 35 wt % talc. It is clear that the filler is well dispersed and

uniformly distributed in the matrix. Also, the layers of talc,

which are held together by weak van der Waals’ forces, are ori-

ented along the direction of injection flow. This organization of

particles is a result of the plate-like structure of talc with its

high aspect ratio, as the layers of talc can easily slip over each

other during the injection moulding. Finally, the polymer can

easily fill the spaces between the particles. From these SEM

images, it can be seen that the parts of the filler that were pro-

truding from the surface appear to lack remnants and residues

of matrix, which would have been the case if the adhesion was

good. In Figure 11, pull-out of talc particles can be seen from

the imprints left on the surface. The dimensions of the imprints

are in quite good agreement with the size measured for talc. On

these grounds, we could conclude that the adhesion between

Figure 7. Impact resistance as a function of talc filler (unnotched and

flatwise).

Figure 8. Elongation at yield and Charpy impact resistance of the composites.
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talc and matrix in this system was poor, which explains why the

tensile strength did not increase very much.

It is generally known that a lower filler-matrix adhesion results

in better impact resistance. 8,34,35 The results obtained indicate

that adhesion between the CB particles and the HDPE matrix is

better than between the talc and the matrix. This was evident

both in flatwise and edgewise impact testing. Since the talc

layers are kept together only by weak van der Waals’ forces, the

layers can slip easily, but when the external load is applied in

the direction perpendicular to the particle orientation (flatwise),

the talc particles are more able to take up the external load.

However, the dispersion of filler in all blends showed that there

was no severe agglomeration of particles, which confirms why

the stiffness was increased at all proportions of talc.

It is known that talc is a strong nucleating agent for polymer

crystallization, which can also cause changes in the mechanical

properties. A detailed study of the crystallinity and morphology

of these blends is in progress, to gain a more complete under-

standing of the structure, and the results will be reported in

later studies.

Thermogravimetric Analysis

Results from the TGA measurements are shown in Figure 12

and summarized in Table III. It was found that the PEn started

to degrade at a temperature of 395�C, and decomposition of

almost 100% occurred at 570�C. It was also found that the ther-

mal stability of PEc was more pronounced than for the PEn

(Figure 13): a decomposition of PEn of 5% occurred at 395�C

while 5% degradation in weight for PEc occurred at 435�C.

Additionally, the maximum mass loss temperatures were 448�C

and 462�C, respectively. One explanation for the higher thermal

stability for PEc might be the moderate enhancement of the

thermal conductivity and the uniform heat dissipation. Apart

from that, CB has a nonpolar surface character, which is more

compatible in a matrix like HDPE, as it is also nonpolar.36

Thus, the interfacial heat transfer could be improved, reducing

local overheating and hot spots, which can delay the thermal

degradation.17,20 The effect of CB on the thermal stability of

different polymers has been reported by Jakab and co-

workers,37,38 and they showed that the thermal decomposition

of PE is hindered in the presence of CB if it is in good physical

contact with the matrix. As mentioned earlier, the presence of

CB can have a positive effect on the light stability and protec-

tion against UV, which shows that CB can also be considered to

be a thermal stabilizer in this case. The thermal stability of the

composites of talc and PEc did not show any improvement over

that of PEc: even at higher talc concentrations, the initial

decomposition temperature was lower than for neat PEn. The

mechanism of accelerated degradation can be explained in two

ways. First, the ability of the talc particle surface to absorb sta-

bilizers can result in reduced long-term thermal stability. There-

fore, as the specific surface area of the filler is increased, this

adverse effect can be more pronounced.39 The second reason

could be impurities in the talc, e.g. traces of heavy metals.

Heavy metal ions such as copper, cobalt, manganese, or iron—if

present—can catalyze the degradation.40 Other studies have

shown that the degradation of PP/talc compounds by sunlight

Figure 9. SEM micrographs of the cryo-fractured surfaces of PEc/talc (8

wt %).

Figure 10. SEM micrographs of the cryo-fractured surfaces of PEc/talc

(25 wt %).

Figure 11. SEM micrographs of the cryo-fractured surfaces of PEc/talc

(35 wt %).
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Figure 12. TGA of PEn and PEc with different talc concentrations.

Table III. Thermal Degradation and Residue for Individual Samples

Material properties Talc PEn PEc 5 8 12 15 25 35

Temperature for 5 wt % loss (�C) - 395 435 408 438 435 425 402 376

Temperature for max weight loss (�C) 569 448 462 453 466 464 461 452 430

Residue at 550�C (%) 98.85 0.3 2.36 6.78 10.52 13.76 16.78 25.29 32.97

Residue at 650�C (%) 97.44 0.3 0.1 4.45 8.33 11.63 14.69 23.32 31.12

Figure 13. Thermogravimetric traces of PEn and PEc.
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can also be accelerated synergistically with loading of the talc.
41,42 There have also been other studies in the same area show-

ing that PP/talc has lower UV- and long-term thermal stabil-

ity.16,43 Figure 13 shows that the mass loss for pure talc in the

interval from room temperature up to 800�C was about 2.5%.

This indicates that it is quite stable. The weight loss was a little

higher than the value given by the supplier while the onset tem-

perature for the pure talc decomposition occurred below 650�C,

which is slightly lower than the value given in the literature.39

Table III also shows that almost 100% of the PE in all samples

degraded at 550�C, and that the residue contained CB and talc.

When the inert gas was switched to oxygen at 600�C, the CB

became oxidized, which left the talc as a residue. The amount

of CB can therefore be calculated by subtracting the weight loss

at 650�C from that at 600�C. The amount of final residue

increased correspondingly with the proportion of filler. The cal-

culated percentage of residue for CB and talc for each compos-

ite was in accordance with the values given in Table I.

Thermal Conductivity

Thermal conductivity, thermal diffusivity, and heat capacity of

the samples investigated (except for PEn) are plotted in Figures

14 and 15. It was found that the thermal conductivity and the

thermal diffusivity increased gradually, and both volumetric and

specific heat capacity (Cp) decreased with the talc increment. It

should be noted that the specific heat capacity of talc is about

50% of the value for PEc, so a decrease in Cp for the compo-

sites with talc loading could be expected. From the application

point of view, this means that improving heat transfer in the

melt by introducing talc particles leads to a faster production

rate, which would be important in terms of production output

and cycle time. The enhancement of the thermal conductivity

indicates that a percolated particle network was not formed, as

we could not achieve the thermal conductivity values of pure

talc. At higher filler concentrations, one would expect that the

fillers would form thermally conductive percolated networks

(instead of isolated thermally conductive particles surrounded

by the matrix), and heat can therefore flow through these chan-

nels. The maximum thermal conductivity was up to 70% higher

than for unfilled PEc at a talc concentration of 35 wt %. As dis-

cussed previously regarding the mechanical properties and as

illustrated in Figures 9–11, the talc particles were well dispersed

throughout the matrix, and the particles could not form a per-

colated conductive path. So these results show that the heat

transfer occurred according to the dispersion mechanism, with

no percolation, as has been reported in the literature for other

fillers.18,23 Moreover, Weidenfeller et al.44 studied the thermal

conductivity of different particulates in a PP matrix and showed

that although copper (Cu) has a thermal conductivity that is

about 20 times higher than for talc, the thermal conductivity of

the PP/talc composites had a higher value than that of PP/Cu

when compared at the same volume fractions (from 0–30%).

They concluded that the interconnectivity of the filler and ma-

trix is the key factor for thermal conductivity of the compo-

sites.44 The value measured for the thermal conductivity of PEc/

talc was lower than that measured for PP/talc in the study by

Weidenfeller et al.

Water Absorption and Density

The dependencies of specific density with weight fraction of fil-

ler is illustrated in Figure 16 (the value for the density of PEn is

not shown). Table IV shows a summary of the short- and long-

term water uptake. Both water absorption and the density of

composites increased with increased filler content in the blend.

Figure 14. Thermal conductivity and thermal diffusivity of samples.

Figure 15. Volumetric heat capacity and specific heat as a function of fil-

ler content.

Figure 16. Long-term effects of water absorption on different filler

content.
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Nevertheless, while the increment of density was linearly pro-

portional to the talc content, the curve corresponding to water

absorption showed a nonlinear relationship with time. As

shown in Figure 16, both fillers caused the water retention to

increase and the general trend was that as the loading increased,

the sample under study exhibited higher water absorption. This

rate was high in the beginning and after a week the weight

increase became quite stable. For the PEn and PEc samples the

moisture absorption did not increase after 2 weeks, due to satu-

ration. For all talc-filled samples the overall water absorption

was unremarkable (at 0.2% for the highest value) after 8 weeks.

The experimental values for density were in good agreement

with the theoretical values obtained by the rule of mixtures.

CONCLUSIONS

The mechanical and thermo-physical properties of HDPE-talc-

CB composites were investigated. CB proved to be an effective

additive for enhancement of thermal stability, while it had a

negative effect on the mechanical properties, particularly impact

resistance. We have emphasized that due to its plate-like shape

and as it has a aspect ratio according to the SEM analysis, talc

is a promising particulate to enhance the impact strength and

the thermo-physical characteristics of PE. The improvement in

toughness perpendicular to the direction of flow was more pro-

nounced, while the tensile at break and yield tensile remained

unchanged when increasing talc addition. The thermal conduc-

tivity, the thermal diffusivity, and the specific density of the

composites were enhanced, while the specific heat capacity of

the composites decreased, which can increase production speed.
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