
Nanosized carbon black as synergist in PP/POE-MA/IFR system
for simultaneously improving thermal, electrical and mechanical
properties
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Abstract
Nanosized carbon black (CB) was introduced into polypropylene/maleic anhydride-grafted polyolefin elastomer/intu-

mescent flame retardant (PP/POE-MA/IFR) system to investigate the effect of nanofiller as synergist on thermal, electrical

and mechanical properties of polymer composites. With 5 mass% CB into PP/POE-MA/IFR system (POFC5), the Tmax

(corresponded to the temperature at the maximum mass loss rate) under air was increased by 122.4 �C; its limited oxygen

index was as high as 31.4%; its vertical burning rating (UL-94) reached V0, and the peak value of heat release rate was

decreased to only 19% of neat PP in cone calorimeter testing. Moreover, PP composites exhibited good electrical con-

ductivity with more than 1.6 mass% CB, which is a low loading level to reach the critical percolation concentration. In

addition, a good balance on stiffness and toughness of PP composites was achieved; especially, Young’s moduli and impact

strength of POFC5 were increased to 1.26 and 2.5 times in comparison with that of neat PP, respectively. These results

indicated that CB was an effective synergist in multi-component PP composites to simultaneously improve thermal,

electrical and mechanical properties.
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Introduction

Polypropylene (PP), as one of the largely produced and

consumed polymer materials, has broad applications in

cars, furniture, insulation and architectural materials [1, 2].

However, some deficiencies of PP, such as unsatisfactory

thermal stability, flammability and inherent brittleness at

low temperature, restrict its wide usage in various fields

[3, 4].

Intumescent flame retardants (IFRs), as a kind of halo-

gen-free flame retardant, has attracted lots of interest due to

their advantages on environment-friendly, low smoke

production and non-toxicity [5–9]. So far, much excellent

work has been done on using IFRs to improve the flame

retardancy of PP [10, 11]. Generally to achieve high level

of flame retardancy, the required IFR loading in PP system

was more than 30 mass% due to their low flame retardancy

efficiency. As a result, such large amount of IFRs resulted

in serious deteriorated mechanical performances of PP

[12]. Thus, it is really a great challenge to fabricate PP

composites with a synchronous improvement on flame

retardancy and mechanical performances.

To improve comprehensive performances of PP/IFRs

system, one feasible way is to incorporate nanofillers as

synergists. For example, many types of inorganic

nanoparticles have been used, including clay [13, 14],

zeolite [15], carbon nanotube [16], graphene [17], layered

double hydroxide (LDH) [18], silica [16], nano-aluminum

hydroxide [19], metal oxides [20, 21] and other nanofillers

[22–25]. Zeng et al. [14] added 2 mass% phosphorus-

containing montmorillonite (P-MMT) into PP/IFRs system

(the total content of flame retardant was 25 mass%). The

LOI of PP composites was increased to 32.5%, and the UL-

94 rating was enhanced to V0. Nie et al. [16] reported that

only 0.3 mass% of nickel phosphate nanotubes (NiPO-NT)
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could obviously improve the flame retardant and thermal

properties of PP/IFR composites. Yang group [26] found

that with the addition of 0.1 mass% Bi2O3 and 1 mass%

nanoclay into PP/25 mass% IFRs system, the LOI reached

31.5%, and the UL-94 passed V0. More importantly, the

synergistic system exhibited better mechanical properties

than PP/IFRs composites, which was attributed to the

enhancement effect of nanofillers and the increase in flame

retardancy efficiency.

Nanosized carbon black (CB) is one of the most widely

used nanofillers because of its abundant source, low den-

sity, permanent conductivity and low cost. In our previous

work [25], the addition of CB into PP displayed not only

dramatic enhancement on thermal stability, but also sig-

nificant improvement on flame retardancy with a marked

reduction in peak heat release rate (PHRR) and increase in

LOI value. In the present work, CB was selected as syn-

ergist of IFRs to improve thermal stability and flame

retardancy of PP. Meanwhile, maleic anhydride-grafted

polyolefin elastomer (POE-MA) was employed as tough-

ening agent and compatibilizer to optimize the mechanical

properties of PP/IFRs/CB system. A good balance on flame

retardancy and mechanical performances was achieved due

to the synergistic effect of CB, IFRs and POE-MA. Fur-

thermore, the effect of CB on the thermal stability and

electrical conductivity of PP composites were also

investigated.

Experimental

Materials

Polypropylene (PP, isotactic, Mw = 28.9 9 104 g mol-1,

polydispersity = 3.45) powder was supplied by Daqing

Petrochemical Co., Ltd. Carbon black (CB, purity:[ 99%)

was purchased from Linzi Qishun Chemical Co., Shan-

dong, with the original particle diameter of 17 nm. Maleic

anhydride-grafted polyolefin elastomer (POE-MA) was

supplied by Shenyang Siwei High Polymer Plastic Co., Ltd

(Shenyang, China). Its MA grafting ratio was 0.96%.

Ammonium polyphosphate (APP) was purchased from

Zhenjiang Xingxing Flame retardant Co., Ltd (Zhenjiang,

China). Pentaerythritol (PER) was provided by Fuyu Fine

Chemical Co., Ltd (Tianjin, China).

Preparation of PP composites

The PP composites were prepared via melt compounding at

180 �C in a batch intensive mixer (Haake Rheomix 600,

Karlsruhe, Germany) with a rotor speed of 60 rpm; the

mixing time was 8 min for each sample. The composition

of these composites is listed in Table 1. The PP composites

contained 8 mass% POE-MA and 20 mass% IFRs (APP/

PER = 3/1 by mass), and the CB content changed from 0.5

to 5 mass% in the composites. For convenience, the

resultant samples were designated as POFCx. Here, P, O, F

and C denote polypropylene, POE-MA, IFR and CB,

respectively; while x denotes the mass percentage of CB in

the PP composites.

Characterization

Thermogravimetric analysis (TGA) was performed on a

TA STD Q600 thermal analyzer. The PP samples with

mass 6.0 ± 0.2 mg were heated from room temperature to

600 �C at 10 �C min-1 under air.

The morphologies of the fracture surfaces were exam-

ined by XL30 ESEM FEG (FEI Co.).The samples were

frozen well in liquid nitrogen and quickly broken off to

obtain a random brittle-fractured surface. A layer of gold

was sputter-coated uniformly over all the fractured surfaces

before SEM observations.

The limited oxygen index (LOI) was measured on a JF-3

oxygen index meter (Jiangning, China) with sheet dimen-

sions of 130 9 6.5 9 3.2 mm3, according to ISO4589-

1984. The vertical burning testing was carried out

according to UL-94 (ANSI/ASTMD635-77) with sheet

dimensions of 125 9 12.7 9 3.2 mm3. Cone calorimeter

tests were performed using an FTT, UK device according

to ISO 5660 at an incident flux of 50 kW m-2, and the size

of specimens was 100 mm 9 100 mm 9 6.0 mm; each

sample was tested three times. The photographs of the

residual chars after the cone calorimeter tests were col-

lected by a digital camera.

The volume resistance of PP samples was measured by

ZC36 high-resistance meter (Shanghai Precision and Sci-

entific Company, China) at room temperature. Minimum of

five tests were performed for each specimen, and the

average data were reported.

Uniaxial tensile tests were performed with an Instron

1121 testing machine (Canton, MA). Specimens

Table 1 The composition of POF composites with different CB

content

Samples Comp. mass%

PP POE-MA IFRs CB

PP 100 0 0 0

POF 72 8 20 0

POFC0.5 71.5 8 20 0.5

POFC1 71 8 20 1

POFC3 69 8 20 3

POFC5 67 8 20 5
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(20 mm 9 4 mm 9 1 mm) were cut from the above

compression molded sheet with a dumbbell shape. The

measurements were conducted at a crosshead speed of

20 mm min-1 at room temperature. The V-notched speci-

mens (55 mm 9 6 mm 9 4 mm) were performed to

measure the impact strength according to GB1843-93

procedures using an impact testing machine (CEAST,

China). All tests were carried out at room temperature and

50% relative humidity. At least five runs for each sample

were measured and averaged as results.

Results and discussion

Thermal stability

The influence of CB content on the thermal stability of PP/

POE-MA/IFRs composites in air was investigated by

TGA. As shown in Fig. 1a, with the increase in CB con-

tent, the thermal decomposition curves shifted signifi-

cantly to a higher temperature range, indicating an

improvement on thermal stability. According to the data

listed in Table 2, both T5mass% and T10mass% (correspond-

ing to 5 and 10 mass% mass loss, respectively) of PP

gradually increased with the addition of CB content,

which was attributed to the trap peroxyl radicals effect of

CB on inhibiting the decomposition of PP matrix on onset

stage [25, 27, 28].

To evaluate the thermal stability of polymer materials,

another important characteristic parameter is the tempera-

ture corresponding to the maximum rate of mass loss

(Tmax), which is defined as the peak value of the first

derivative TGA curve as a function of temperature. As

shown in Fig. 1b, the Tmax was derived from several peaks

due to the multi-component of PP composites. The detailed

data were also summarized in Table 2. The peak near to

272 �C (Tpeak1) was assigned to the thermal decomposition

of PER due to its relatively low molecular weight. With the

increase in CB content from 0.5 to 1 mass%, the decom-

position peak of PP (Tpeak2) correspondingly shifted from

360.5 to 370.4 �C, which is much higher than 320.1 �C for

that of neat PP, suggesting the positive effect of CB on

improving the thermal stability of PP. More interestingly,

with further increase in the CB content, the peak density of

Tpeak2 gradually became weaker, and meanwhile, there

presented another new peak at higher temperature (Tpeak3).

When 5 mass% of CB was added into POF system, the

peak of Tpeak2 at 370 �C areas was almost disappeared, and

the new Tpeak3 was present at 442.5 �C, which was 122.4

and 88.8 �C higher than the decomposition peak of neat PP

and POF, respectively. These results indicated that the

oxidative dehydrogenation reaction of PP was effectively

inhibited by the addition of CB, resulting in a dramatic

improvement on its thermal stability.

Flame retardancy

LOI and UL-94 tests were firstly employed to evaluate the

flame retardancy of PP samples, which are useful methods

100

80

60

40

20

0
200 250 300 350 400 450 500 200 300 400 500550

2.5

2.0

1.5

1.0

0.5

0

Temperature/°CTemperature/°C

M
as

s/
%

D
er

iv
e.

 m
as

s/
%

 m
in

–1

PP
POF
POFC0.5
POFC1
POFC3
POFC5

PP
POF
POFC0.5
POFC1
POFC3
POFC5

(a) (b)

Fig. 1 TGA and DTG curves for PP samples in air. a TGA; b DTG

Table 2 Thermal decomposition properties of PP samples in air

Samples T5mass%/

�C
T10mass%/

�C
Tmax/�C

Tpeak1/

�C
Tpeak2/

�C
Tpeak3/

�C

PP 275.8 281.5 – 320.1 –

POF 260.2 275.8 271.9 353.7 –

POFC0.5 266.3 296.1 271.9 360.5 –

POFC1 272.4 301.6 272.3 370.4 –

POFC3 277.9 317.2 272.2 371.0 421.9

POFC5 291.4 334.2 272.0 373.4 442.5
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to analyze the combustion behavior of composite mate-

rials [29]. As listed in Table 3, it could be seen that the

LOI value of neat PP was only 18.0%. With the addition

of 20 mass% IFRs into PP, the LOI value of POF reached

26.0%, but it was still no-ratting in UL-94 with serious

dripping. In contrast, after the addition of only 0.5 mass%

CB into POF, the LOI increased to 27.2, and the dripping

was effectively inhibited. When the CB content was up to

3 mass%, the LOI was 29.7 and the UL-94 rating was V1.

After further increase in the loading of CB to 5 mass%,

the LOI of POFC5 could reach 31.4%, and its UL-94

rating could pass V0. The above results suggested that the

optimal loading of CB in POF system was 5 mass%,

which exhibited the best synergistic effect with IFRs to

improve the flame retardancy of PP.

To visually show the inhibiting dripping effect of CB,

the morphology of neat PP and PP composites after LOI

testing was detected. As shown in Fig. 2a, the molten drip

of PP was eye-catching. For POF in Fig. 2b, some black

char was present, but its drip was still visible. Differently,

there remained more amount of char from POFC3 and

POFC5 (Fig. 2c, d). More importantly, their char was

stable and self-standing with no molten drip. This clearly

demonstrates that CB played an important role on

increasing the melt strength of PP, leading to the increase

in quantity and quality of residual char.

The flame retardancy of PP samples was further evalu-

ated by cone calorimeter test, which is considered to be an

effective tool in evaluating fire performance and can pro-

vide a wealth of information on the combustion behavior

[30], such as time to ignition (TTI), peak heat release rate

(PHRR) and total heat release (THR). Figure 3 shows the

heat release rate (HRR) curves of PP and its composites,

and its detailed combustion parameters are recorded in

Table 4. With the addition of 20 mass% IFRs, the TTI

became shorter, which suggested that POF was easier to be

ignited than PP itself. However, with the increase of CB

content into POF, the TTI values gradually became longer,

implying that the presence of CB had positive effect on

prolonging the onset combustion process of PP. Moreover,

in comparison with neat PP, POF displayed a great

decrease in PHRR, and the decrease trend became more

significant by incorporation of CB. Exactly, the value of

PHRR for POFC5 reduced to 244 kW m-2, which was

only 19% of that for neat PP (1261 kW m-2). More spe-

cially, the HRR curve of POFC5 kept almost flat with a

small value for a long time after its PHRR, which generally

represented a lower fire spread rate until the combustion

finished. Similar to PHRR, the THR also decreased with

the addition of 20% IFRs, and it further decreased with the

increase of CB loading into POF (Table 4).

The mass loss rate (MLR) of a polymer during com-

bustion is also helpful to evaluate its flammability prop-

erties. Generally, the slope of MLR curve is assumed as

representing the combustion rate of polymers. Figure 4

shows the change of normalized mass loss of PP samples

with combustion time. It was apparent that adding IFRs

into PP matrix led to a dramatic decrease of MLR in the

later stage of combustion. Furthermore, the slope of POFC

Table 3 Combustion parameters of PP samples from LOI and UL-94

tests

Samples LOI/% UL-94 at 3.2 mm

Rating Dripping

PP 18.0 ± 0.5 Fail Yes

POF 26.0 ± 0.4 Fail Yes

POFC0.5 27.2 ± 0.2 Fail No

POFC1 28.0 ± 0.4 Fail No

POFC3 29.7 ± 0.3 V1 No

POFC5 31.4 ± 0.3 V0 No

Fig. 2 The photographs of PP samples after LOI testing. a neat PP;

b POF, c POFC3; d POFC5
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samples became much smaller with the increase in CB

content, which indicated that CB played an important role

on delaying the decomposition and combustion of PP

matrix.

To study the enhancement mechanism of CB in POF

system, the structure of the residual chars after cone

calorimeter testing was investigated. Figure 5 exhibits the

photographs of the residual chars from neat PP, POF and

POFC samples. For neat PP, no char was left due to its

inherent flammability with whole aliphatic hydrocarbon

structure (Fig. 5a). In the cases of POF, a continuous car-

bon layer was formed, but it was thin and contained big

holes on its surface (Fig. 5b). With the combination of CB

and IFRs, block-like black solids were present. With the

increase in CB content, the char became more continuous

and dense. Moreover, the size of linked carbon blocks

became smaller (Fig. 5c–f), indicating higher strength and

supporting capacity. The improved carbon layer could not

only enhance the physical barrier effect to prevent oxygen

diffusion and volatile products pervaporation, but also act

as a thermal shield for energy feedback from the flame

during combustion [31]. Therefore, the combination of

IFRs and CB displayed a significant enhancement on

thermal stability and flame retardancy of PP.

Electrical conductivity

Carbon-based conductive polymer composites have been

widely used in a broad array of industrial and engineering

fields. As one typical conductive nanoparticles, CB could

form electrical network in polymer matrix once the filler

loading reaches a critical percolation concentration. To

exactly evaluate the critical CB concentration in our PP

system, smaller concentration gradient between 1.0 mass%

and 2.0 mass% was selected. As shown in Fig. 6, the effect

of CB content on electrical conductivity of PP composites

was investigated. When the CB content was less than

1.4 mass%, the values of volume resistivity for PP samples

were as high as 1017 X cm, indicating they were classed as

insulating materials. Surprisingly, when the CB content

reached 1.6 mass%, the volume resistivity suddenly drop-

ped to 108 X cm. With further increase of CB content up to

5 mass%, the resistivity kept stably at this level. These

results indicated that 1.6 mass% was the critical percola-

tion concentration in our POF system. In comparison with

other carbon-based conductive nanoparticles, our data were

superior or at least comparable to most reported results

[32, 33]. It is possibly attributed to our multi-phase system

of PP composites, in which the selective distribution of

conductive nanoparticles could have a sharp decrease in

electrical resistivity to form conductive paths over a narrow

conductive filler range [34, 35].

In polymer composites, the dispersion of fillers and

matrix–filler interaction are the most important factors to

determine their resultant performances; especially, the

distribution of conductive nanoparticles greatly influences

electrical conductivity [36]. As abovementioned, 1.6

mass% corresponded to the critical percolation concentra-

tion of CB in our PP/POE-MA/IFR system; so the micro-

graphs of fracture surfaces for POF and POFC1.6 were

Table 4 Combustion parameters of neat PP and its composites from

cone calorimeter testing

Samples TTI/s tPHRR/s PHRR/kW m-2 THR/MJ m-2

PP 30 ± 2 335 ± 5 1261 ± 35 208 ± 8

POF 21 ± 4 395 ± 7 636 ± 26 176 ± 5

POFC0.5 22 ± 3 430 ± 5 446 ± 23 167 ± 6

POFC1 23 ± 3 510 ± 8 331 ± 16 153 ± 7

POFC3 25 ± 2 55 ± 6 290 ± 20 150 ± 6

POFC5 26 ± 4 50 ± 6 244 ± 15 149 ± 8
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Fig. 4 Normalized mass loss curves of neat PP and its composites

from cone calorimeter testing at an incident heat flux of 50 kW m-2

Fig. 5 Photographs of the residual chars: a neat PP; b POF;

c POFC0.5; d POFC1; e POFC3; f POFC5
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compared in Fig. 7a–d. It was apparent that IFR particles

were detected as irregular blocks in micron size (Fig. 7a),

and they were adhered firmly to PP matrix without inter-

facial debonding (Fig. 7b with red circle). Similarly, as

shown in Fig. 7c for POFC1.6, there was a good dispersion

for IFR particles and strong matrix–filler interaction. Spe-

cially, some aggregates of bright dots were present (Fig. 7d

with blue circle), which was the adsorption of CB

nanoparticles onto the POE-MA surfaces (the hydroxyl

groups in CB could react with anhydride groups in POE-

MA). These results further indicated that selective distri-

bution of CB resulted in low critical percolation concen-

tration in our multi-phase PP composites.

Mechanical properties

It is well-known that the incorporation of flame retardant at

high percentages into polymer matrices usually improves

their flame retardancy at the expense of the mechanical

properties. Considering the reinforcement of CB and the

toughening effect of POE-MA, a balance on mechanical

properties was expected, which is very attractive to aca-

demic and industrial communities.

The effect of CB on mechanical properties of POF was

investigated by tensile and notched-impact tests. As shown

in Table 5, the detailed data for Young’s modulus, tensile

strength, elongation at break and notched-impact strength

are summarized. With the addition of 20 mass% IFR and

8 mass% POE-MA into PP, Young’s modulus and tensile

strength of POF greatly decreased, but it kept relatively

high value for elongation at break and its impact strength

increased 1.8 times. With the increase in CB concentration

from 0.5 to 5 mass% in POFC composites, the values for

Young’s modulus and tensile strength as well as impact

strength were gradually increased. For instance, Young’s

modulus of POFC5 reached 1.07 GPa, which is 1.26 times

higher than that of neat PP; its tensile strength was more or

less the same as neat PP due to the compromise of positive

and negative effects of POE-MA and CB. Meanwhile, its

impact strength was 2.5 times higher than the value of neat

PP. Although the elongation at break decreased with the

increase in CB loading, it was still kept more than 130%.

According to these results, a high balance on stiffness and

toughness of PP composites was achieved. The enhance-

ment mechanism may be attributed to two aspects: on one
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Fig. 6 Effect of CB content on electrical conductivity of POF system

Fig. 7 FE-SEM micrographs of brittle-fractured surfaces for PP

composites. a, b POF; c, d POFC1.6

Table 5 Mechanical properties for neat PP and its composites

Samples Young’s modulus/GPa Tensile strength/MPa Elongation at break/% Notched-Impact strength/kJ m-2

PP 0.85 ± 0.07 35.16 ± 0.92 650 ± 40 2.20 ± 0.22

POF 0.74 ± 0.08 29.35 ± 0.86 420 ± 36 4.06 ± 0.32

POFC0.5 0.76 ± 0.06 30.05 ± 1.20 406 ± 28 4.28 ± 0.21

POFC1 0.81 ± 0.09 31.57 ± 1.65 312 ± 30 4.42 ± 0.36

POFC3 0.89 ± 0.08 32.80 ± 1.81 215 ± 24 4.78 ± 0.34

POFC5 1.07 ± 0.09 35.08 ± 2.21 132 ± 27 5.52 ± 0.30
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hand, as a toughening agent POE-MA could improve the

toughness of PP, and meanwhile as an effective compati-

bilizer, it could enhance matrix–filler interaction [31, 37],

and on the other hand, CB as rigid nanoparticles could

improve the modulus and strength on the help of compat-

ibilizer. Consequently, the comprehensive effect of POE-

MA and CB resulted in the improvement on mechanical

properties of PP.

Conclusions

Multi-component PP composites were prepared by incor-

poration of IFRs, POE-MA and CB nanofillers to improve

its comprehensive performances. CB as synergist in PP/

POE-MA/IFR system was effective to simultaneously

improve thermal stability, flame retardancy, electrical

conductivity and balanced mechanical properties. The

POFC5 (with 5 mass% CB into PP/POE-MA/IFR) exhib-

ited an increase on Tmax under air by 122.4 �C; its LOI was
31.4%; UL-94 reached V0 rating and the PHRR decreased

to only 19% of neat PP in cone calorimeter testing. The

dramatically improved thermal stability and flame retar-

dancy were attributed to the synergistic effect of IFRs and

CB, which could effectively inhibit oxidative dehydro-

genation reaction of PP and facilitate the formation of a

better dense and continuous carbon protective layer during

combustion. Meanwhile, the critical percolation concen-

tration of CB in PP system was only 1.6 mass%, which

promoted the transformation from insulator to conductive

material. In addition, a good balance on mechanical per-

formances was achieved via the combination of POE-MA

and CB, including outstanding toughness and high stiff-

ness. In summary, CB was an effective synergist on

improving the comprehensive properties in multi-compo-

nent PP composite system. This work not only provides a

facile method to prepare multifunctional and high-perfor-

mance polymer composites, but also is favorable to its

multi-domain applications.
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