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Summary 

This paper reports on the synthesis and characterization (electrical, mechanical, 
thermal and dynamic mechanical) of electrically conducting polymer composites 
based on thermoplastic matrices (low density polyethylene (LDPE) and polypropylene 
(PP)) and two conducting fillers: iron particles (Fe) and carbon black (CB). The 
addition of Fe allows the easy incorporation of higher amounts of CB. Results suggest 
that the electrical and mechanical properties of these materials are improved by the 
presence of both fillers being necessary the addition of CB to achieve interesting 
values of conductivity. On the other hand, the crystalline structure of the polymer 
matrix is gradually reduced with the incorporation of both fillers but Fe by itself does 
not affect the geometry of growing crystals. 

Introduction 

Conducting polymer composites based on a polymer matrix and dispersed conducting 
particles are an interesting class of materials used in a wide variety of industrial 
applications such as antistatic media, corrosion resistant materials and bipolar plates 
for fuel cells [1-3]. The fillers (carbon black CB, graphite or metal particles) provide 
the bipolar plate with the electrical conductivity required to collect the current while 
the polymer gives them the mechanical resistance necessary for the assembly of the 
different elements. Thus, conducting filled polymer composites can offer a 
combination of inexpensive material and economical processing. 
The composite electrical conductivity is generally characterized by its dependence on 
the filler fraction. At low filler loadings, the conductivity is very close to that of the 
pure polymer matrix; at some critical loading (percolation threshold) the conductivity 
increases several orders of magnitude due to the particles come in contact with each 
other and a continuous conductive network through the composite begins to form.  
Most of the specialized literature focuses on composites containing a single filler, 
mainly CB due to its low cost, small particle size and capacity to form aggregates 
within the polymer matrix [4-6]. This last characteristic results in the formation of a 

Polymer Bulletin 57, 199–206 (2006) 
DOI 10.1007/s00289-006-0542-2 

 

 
 



200 

 

continuous conducting network responsible for interesting conductivity values at low 
CB levels. Nevertheless, it is difficult to prepare composites with CB percentages 
higher than 35% by using conventional mixing and molding techniques. A method to 
overcome this problem consists of the incorporation of two conducting fillers [7,8].  
This paper presents the results of conducting composites based on low density 
polyethylene (LDPE), polypropylene (PP) and a mixture of two conducting fillers: 
carbon black (CB) and iron particles (Fe) in different concentrations and with a total 
filler percentage up to 50%. The effect of mixing fillers and composite concentration 
on electrical conductivity, dynamic mechanical, mechanical and thermal properties is 
studied. The purpose is to discern if mixed fillers afford appreciable advantages over 
single fillers, specially about electrical conductivity and processing. 

Experimental 

Materials 

Two different polymers were used as matrix materials. Low density polyethylene 
(LDPE) (Alcudia PE-017) with a melt flow index (190ºC, ISO1133) of 7 g/10min and 
polypropylene (PP) (Isplen PP-099 K2M) with a melt flow index (230ºC, ISO1133) of 
55 g/10min both from Repsol Química. The conducting fillers used were carbon black 
(CB) Vulcan XC-72 supplied by Cabot India Ltd. with a particle diameter of 29 nm, 
aggregate density 1.8 g/cm3, nitrogen absorption special surface area of 254 m2/g and 
a platicizer absorption value DBP (dibutyl phtalate) of 188 mL/100g and iron particles 
(Fe) from Merck with a particle size of 10 μm. Both fillers were used as received. 

Composite preparation 

The samples were melt-mixed in a Haake Rheomix 600 at 115ºC for LDPE samples 
and 140ºC for PP composites, keeping the blend in the chamber for 15 minutes to 
ensure optimum dispersion of the components. Rotor speed was 90 rpm. Composite 
composition and nomenclature assigned are listed in Table I. 
After the mixing process, test specimens were prepared using a Collin hydraulic press 
at 50 bar and 145ºC (LDPE systems) and 200ºC (PP systems). 

Analysis methods 

Mechanical experiments were performed at room temperature under standard 
conditions in an Instron 4301, using 0.5 kN and a crosshead speed of 50 mm/min. Five 
specimens were measured in each case. The tensile modulus E was determined from 
the slope of the initial part of the stress vs strain curve. 
Differential Scanning Calorimetry (DSC) studies of the composites were carried out 
on a Mettler TA 4000 to characterize melting and non-isothermal crystallization 
behaviour. The samples were heated at 10ºC/min from room temperature to 125ºC for 
LDPE systems and to 180ºC for PP systems and kept for 5 minutes to eliminate 
thermal history. Then the samples were cooled to room temperature at different 
cooling rates 2, 5, 10 and 20ºC/min. Non-isothermal crystallization data were 
analyzed using Avrami’s equation. 
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Table 1. Composite compositions, electrical conductivity and Young modulus  

SAMPLE LDPE 

wt (%) 

PP 

wt (%) 

Fe/CB 

wt (%) 

total filler 

wt (%) 

σ 

(S·cm-1) 

E 

(MPa) 

LDPE 100 - 0/0 0 1.29·10-8 178.9 

LDPE-30 70 - 30/0 30 0.03 235.8 

LDPE-40 60 - 20/20 40 0.10 415.4 

LDPE-50 50 - 10/40 50 1.39 812.0 

PP - 100 0/0 0 1.60·10-8 1648.3 

PP-30 - 70 30/0 30 0.06 1659.9 

PP-40 - 60 20/20 40 0.60 2577.8 

PP-50 - 50 10/40 50 4.43 --- 

Dynamic Mechanical Analysis (DMA) was performed with a Mettler DMA 861-e 
analyzer. Samples were measured in the tensile mode at a deformation frequency of 
1 Hz, from -75ºC to 115ºC. The heating rate used was 3ºC/min. 
Conductivity measurements were carried out at room temperature using the four-probe 
technique with a Hewlett-Packard HP 6614 C dc power supply and two Hewlett-
Packard HP 34401 A multimeters controlled by a computer. The amplitude of the dc 
signal was 0.1 V and geometry of the samples was 30 mm large, 3 mm width and 
1 mm thick. Five specimens were measured for each composite. 

Results and discussion 

Microstructural analysis 

Mechanical properties  
The stress-strain curves of the different samples are shown in Figure 1a. In the case of 
LDPE based systems those containing lower filler percentage than percolation 
threshold and Fe as unique conducting filler behave mechanically of very similar form 
to unfilled polymer. However, when CB percentage is increased and percolation 
threshold is reached the break elongation decreases dramatically (Figure 1b). With 
regards to the PP systems, in the case of pure polymer and the composite with lower 
filler content a yielding mechanism is observed with the formation of a well-defined 
neck (Figure 1a). This tendency to yield decreases and even it reaches the point of 
disappearing when increasing the filler percentage and CB is also added to the system. 
Unlike LDPE systems, in general composites of PP deform uniformly until break at a 
stress and strain similar to those of unfilled polymer (Figures 1b and 1c). 
With regard to the Young modulus an increase is observed when increasing filler 
concentration (Table I) which corresponds to PP based composites the highest values 
although the sample with greater filler percentage (PP-50) has not been able to test for 
being a brittle material. 
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In general the mechanical properties of these materials, except elongation at break for 
LDPE based composites, are improved by the presence of both fillers, important factor 
to be considered for its potential application as bipolar plates in fuel cells. 

 
Figure 1. Mechanical properties of different composites 

Thermal Analysis 
The non-isothermal crystallization data of the composites were analyzed using the 
Avrami equation α(t)=1–exp(-ktn) where α(t) is the weight fraction of crystallized 
material at time t, k represents the rate constant of the crystallization process and n is 
the Avrami exponent which depends on the type of nucleation taking place and the 
growth geometry. The n and k values were obtained from the slopes and intercepts, 
respectively when plotting log{-ln[1-α(t)]} against log t for each cooling rate taking 
into account that time and temperature are related by means of cooling rate (T=T0 
+βt). The kinetic data were collected below conversions of 30%. 

 
Figure 2. Crystallization rate constant as a function of total filler content for LDPE and PP 
based composites at different cooling rates 
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Figure 2 shows the rate constant of the non-isothermal crystallization process as a 
function of total filler content for the different experimental cooling rates and 
composites. In both systems no important variations were observed. Log k remains 
practically constant over the whole composition filler range. 
With respect to the growth geometry of the crystalline LDPE or PP entities, 
interpreted through the value of Avrami’s exponent, Figure 3 represents n as a 
function of filler concentration for the different composites. As it is shown, the 
geometry of the crystals is not modified when Fe is the only conducting filler present 
in the system. Nevertheless when in addition to Fe CB is incorporated, variations are 
observed, more pronounced when the CB content is of 40%. 
On the other hand the effects are different depending on the polymer matrix. In the 
case of LDPE the growth geometry seems to be of bidimensional type for the pure 
polymer and the composite with only Fe to three-dimensional when CB is also 
incorporated into the blend. 
In the case of composites based on PP the values of n diminish to high total filler 
percentage and again Fe by itself does not affect to the geometry of growing crystals. 

 
Figure 3. Avrami’s exponent as a function of total filler content for LDPE and PP based 
composites at different cooling rates 

With an increase in filler content either the crystallization or the melting temperatures 
change slightly as it is shown in Figure 4 where curves have been normalized in order 
to compare the results. In addition the profiles of both the exothermic and endothermic 
peaks become increasingly smaller when two fillers are added. These demonstrate 
morphological variation of the polymer matrix with both fillers incorporation. The 
crystalline structure is gradually reduced leading to an increase in the amount of 
imperfect crystals or amorphous portion. 



204 

 

 
Figure 4. Melting and crystallization DSC thermograms of LDPE and PP based composites 

Dynamic Mechanical Analysis 
Dynamic mechanical measurements are believed to be a good method for gaining 
insight into the effects exerted by the filler on the polymer matrix. These effects are 
displayed as a variation in dynamic storage modulus (E’), a modification of the peak 
position and width of the relaxation spectrum as a consequence of filler-polymer 
interaction. Each peak marks a transition which is interpreted as the released of a 
restricted movement either in the polymer chain or in lateral groups.  
Figure 5 display the temperature dependence of dynamic storage modulus (E’) and 
loss modulus (E’’) for LDPE and PP composites. Values of E’ for filled samples 
consistently decrease at different rates as the temperature increases. With regards to 
LDPE composites the incorporation of the conducting fillers causes an increase of the 
dynamic storage modulus (E’) in all the interval of temperatures studied. From room 
temperature the system with greater total filler percentage (PE-50) shows the highest 
E’ with respect to pure polymer, detecting also for this composite a slight increase in 
the glass transition temperature that is not observed in the other cases. 
For composites based on PP the incorporation of Fe as unique conducting filler 
reduces the value of E’ with respect to neat polymer. When in addition CB is added to 
the system its stiffness increases in all the temperature interval studied being greater 
for composite with more elevated concentration of filler (PP-50). Furthermore for this 
system the appearance of the dynamicmechanical relaxations spectrum (E’’) changes 
indicating important changes in the microstructure of this composite. 
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Figure 5. Dynamic storage modulus (E’) and loss modulus (E’’) as a function of temperature 
for LDPE and PP based composites 

Electrical analysis 

Conductivity 
The composite conductivity was obtained from five different measurements of each 
sample. The conductivity variation with respect to total filler concentration is 
displayed in Figure 6 for LDPE and PP composites. 
The conductivity increases with increasing filler content and it is necessary the 
presence of high percentages of CB to obtain values of conductivity higher than 10-1 
S·cm-1 and therefore acceptable for bipolar plate application (Table I). 
The stepwise change of conductivity takes place in composites containing both fillers 
and is thought to be a result of the formation of an interconnected structure of CB. It 
can be regarded as electrical percolation which means that a high percentage of 
electrons is permited to flow through the material due to the creation of an 
interconnecting conductivity pathway. Because of the small size and high specific 
surface, CB particles are favorable for self aggregation and easily form three- 
dimensional networks in a polymer matrix whereas metal Fe particles are too large to 
create sufficient contacts. Therefore the role of Fe particles is to allow the 
incorporation of greater amount of CB to the system (until a 40%) and to facilitate the 
flow channels processing than for enhancing the electrical conductivity of the 
material. 
Comparing both polymer matrices, the highest values of conductivity are obtained for 
composites based on PP. 



206 

 

 
Figure 6. Electrical conductivity as a function of total filler content for LDPE and PP based 
composites 

Conclusions 

Electrical conductivity increases with increasing filler content; it is necessary the 
presence of CB to achieve values of conductivity higher than 10-1 S·cm-1 . Comparing 
both polymer matrices, the most notable results are obtained for composites based on PP. 
In general the mechanical strength of the polymer composites is improved by the 
presence of both fillers (Fe + CB). The samples with Fe particles as unique filler 
behave mechanically of similar way to unfilled polymer.  
The results of the thermal study indicate that the particles of Fe are not able to modify 
the geometry of crystals in growth. On the contrary, the incorporation of both 
conductive fillers to the polymer matrix gives rise to microstructural modifications, 
reducing the crystalline phase and increasing the amorphous phase of the polymer. 
These modifications are also observed in the mechanodynamic spectrum of the 
composites with greater percentage of total filler. 

References 

1. Oh MH, Yoon YS, Park SG (2004) Electrochimica Acta 50:777 
2. Hermann A, Chaudhuri T, Spagnol P (2005) Int. J. Hydrogen Energy 30 :1297 
3. del Río C, Ojeda MC, Acosta JL, Escudero MJ, Hontañón E, Daza L (2002) J. Appl. 

Polym. Sci. 83:2817 
4. Balberg I (2002) Carbon 40:139 
5. Mucha M, Marszalek J, Fidrych A (2000) Polymer 41:4137 
6.    Wong YW, Lo KL, Shin FG (2001) J. Appl. Polym. Sci. 82:1549 
7. Calleja FJB, Bayer RK, Ezquerra TA (1988) J. Mater. Sci. 23:1411 
8. Thongruang W, Spontak RJ, Balik CM (2002) Polymer 43:2279 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


