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Abstract 

The results of the study of the effect of the dressing size on the 

physicomechanical properties of nanocomposites based on polyolefins and 

iron nanoparticles are presented. As the polyolefin, high density 

polyethylene, low density polyethylene and polypropylene were usedThe 

influence of the concentration of dressed and undressed iron nanoparticles 

on the basic physicomechanical properties of nanocomposites is 

considered. It was shown that, depending on the type of polyolefin, the 

maximum values of strength characteristics: tensile yield strength and 

breaking stress are achieved for high density polyethylene at 3.0 wt. % 

iron content, for low density polyethylene at 7.0 wt. % iron content, for 

polypropylene at 3.0 wt. % iron content. The effect of the concentration of 

dicumyl peroxide on the properties of a nanocomposite based on high 

density polyethylene was studied. A noticeable increase in the breaking 

stress and heat resistance of nanocomposites after their vulcanization was 

noted. The thermomechanical method of analysis was used to study the 

effect of the concentration of dicumyl peroxide on the regularity of 

variation of thermodeformation curves. It was shown that during the 

curing of the nanocomposite 0.25-0.5 wt. % dicumyl peroxide on the 

thermomechanical curve, three regions are formed that characterize the 

physical state of the polymer matrix depending on temperature: a solid, 

highly elastic, and viscous flow state. At a concentration of dicumyl 

peroxide equal to 1.0 wt. %, the nanocomposite changes from a solid to a 

glassy state with increasing temperature. 

Keywords: nanocomposites, organosilicon compounds, polymerization, breaking stress, 

elongation at break, vulcanization 

 

Introduction 

Due to their high physicomechanical, operational and technological characteristics, in the 

process of mass production of construction products based on them, polymer materials have 

become reliable substitutes for non-ferrous and ferrous metals. Today, there is no industry, 

which would not have used polymer materials. Modification of polymers by mineral fillers or 

mechanical mixing of the polymer with the polymer, the loading of various types of structure-

forming agents, plasticizers, compatibilizers, cross-linking agents and other modifiers into their 
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composition created great opportunities for even greater expansion of their practical use in harsh 

extreme conditions. [1-6]. 

Interest in materials representing a finely dispersed inorganic substance with a monolayer 

of organosilicon compounds chemically grafted onto its surface is due to the possibility of their 

practical use as dressed fillers in polymer materials. Chemically fixed molecular layers allow 

adjusting the adhesion of the polymer coating on an inorganic surface. For example, modifying 

the surface of magnesium oxide with organic reagents has been little studied, although work in 

this direction is of considerable practical interest. 

Hydrophobized magnesium oxide can be used as filler for polymers. Organosilicon 

compounds are the most widely used modifiers of highly dispersed organic and inorganic 

substances. Their use, including unsaturated organosilicon compounds, is well known for 

creating stable interfacial regions in filled polymers, as promoters of adhesion of polymers to 

inorganic materials [7-10].  

When creating a modern class of composite polymeric materials, nanosized metal particles 

that have stabilizing protective layers on the surface serve as filler. In this case, to ensure good 

adhesion between the filler and the polymer matrix, modifying and interfacial layers must be 

formed on the surface of the stabilizing layer of metal particles [11-12]. 

The aim of the work was to study the modifying layers of organosilicon compounds on the 

surface of iron particles stabilized by oleic acid and to determine the influence of the methods 

and conditions of the modification, as well as the nature of the organosilicon modifiers (dressing 

size) and γ- aminopropyltriethoxysilane (APTES)   on the formation of modifying layers.  

Experimental Part 

High-density polyethylene (HDPE), low-density polyethylene (LDPE) and isotactic 

polypropylene (PP) were used as the polymer matrix from a number of polyolefins. 

HDPE – melt flow rate (MFR) is 0.72 g/10 min, tensile yield strength (σy) – 30.6 MPa, 

breaking stress (σb) – 27.5 MPa, elongation at break – 255%, heat resistance – 119°C, melting 

point – 131°C, density –  949 kg/m
3
, degree of crystallinity – 78%. 

LDPE – melt flow rate (MFR) is 1.3 g/10min, σy=14.5 MPa, σb=13.1 MPa, elongation at 

break – 720%, heat resistance – 85
о
С, melting point – 106

о
С, density – 927 kg/m

3
, degree of 

crystallinity – 55%. 

PP – melt flow rate (MFR) is 6.71 g/10min at 190°С, σy=34.5 MPa, σb=31.3 MPa, melting 

point – 162 °С, Vicat softening temperature – 148 °С, elongation at break – 155 %, degree of 

crystallinity – 64%, density – 906 kg/m
3
. 

The initial iron particles were obtained by electrolytic precipitation from an aqueous 

solution of an iron salt with the subsequent stabilization of the obtained particles with oleic acid. 

The dressing of iron particles using APTES was carried out in toluene at 70-75°C in the presence 

of 0.5 wt.% of HCl. In the process of dressing, a modifying layer is formed on the surface of iron 

particles, which consists of a thin chemisorbed monolayer of dressing size.   

Volcanization of nanocomposites was carried out using dicumyl peroxide (DP) on hot 

rollers at a temperature of 150-160°C. The final vulcanization was carried out under a press at a 

temperature of 190°C and a pressure of 5 tons. Blades were cut from the plates obtained under 
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the press to study the physicomechanical properties. 

Breaking stress, tensile yield strength and elongation at break were determined in 

accordance with GOST 11262-80.  

The melt flow rate (MFR) of composites was determined on an IIRT instrument at 190°C 

and load of 2.16 kg. 

Heat resistance was determined by the Vicat method. 

X-ray photoelectron spectroscopy (XPS) of the samples is carried out on an ESCA 2SR 

spectrometer, which is a universal instrument that allows the analysis of the sample surface using 

advanced XPS and ESCA applications. The XPS method makes it possible to qualitatively and 

quantitatively determine the forms of finding elements. When a chemical bond is formed 

between the atoms, the electron density redistributes in accordance with the relative values of 

their electronegativeness. This leads to a characteristic change in Eb of electrons in an atom and a 

shift of the photoelectron lines in the spectrum. The magnitude of this shift can be judged on the 

chemical environment of the atoms of the element being determined.  

Thermomechanical properties were determined on a Kanavets instrument. The deformation 

was measured at successively changing temperatures (T) at a load of 0.3 kg/cm
2
 and a heating 

rate of 50°C / h. When constructing the thermomechanical curve of the polymer ∆ = f(T), it is 

very important to cover, if possible, the entire temperature range of the polymer’s existence - 

glassy (crystalline), highly elastic and viscous flow conditions. Thermomechanical curves reflect 

all possible physical, physicochemical and chemical changes that occur in the sample during the 

change in the temperature of the experiment and, thus, provide reliable information on the 

temperature transitions that are significant for polymer processing. 

Results and Discussion 

 It is known that when modifying the metal surface with silicone compounds, the 

immobilization of the modifier molecules is mainly due to the formation of the Si – O – Me bond 

on the oxidized metal surface [13, 14]. When the surface of iron particles is modified by APTES 

molecules, the Si–O–Fe bond is also formed at the interface due to hydrolysis processes, because 

on the outer side of the stabilizing layer, hydroxyl groups and water molecules are present in the 

composition of the iron coordination complexes.   

The Si–O–C bond in the dressing size molecule is hydrolytically unstable, and the silanol 

group formed as a result of its hydrolysis is capable of intermolecular condensation with the 

formation of Si–O–Si–O– siloxane structures, resulting in the so-called "polymer structure" of 

the grafted modifier layer [15]. Based on the data on the number of graft modifier and on the 

specific surface of the particles, the thickness of the modifying layer APTES was estimated. It 

turned out that when modifying a stabilizing layer of particles from a solution in toluene, a 

modifying monolayer with a thickness of ~ 4-5 nm is formed, which has a significant effect on 

the deformation-strength properties of nanocomposite. 

Tab. 1 presents the results of a study of the effect of a dressing size on the 

physicomechanical properties of nanocomposites based on polyolefins and dressed iron 

nanoparticles. Analyzing the data given in Tab. 1, it can be noted that at relatively low 

concentrations of the dressed nanoparticles (up to 1.0 wt.%) of iron, an increase in the strength 
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characteristics and elongation at break of nanocomposites is observed. A further increase in the 

concentration of the filler leads to a slight decrease in the value of these indicators. The increase 

in the properties of nanocomposites can be attributed to the fact that when the concentration of 

iron nanoparticles in the range up to 1.0 wt.% the latter behave in the polymer matrix as 

structure-forming agents. It is known that nanoparticles with a size of up to 100nm are 

characterized by a very developed specific surface, which contributes to the formation of the 

polymer melt, in addition to homogeneous, heterogeneous nucleation centers. The consequences 

of this fact consist in a substantial increase in the centers of crystallization, capable of forming 

fine spherulitic supramolecular structures. It is always such supramolecular structure reduces 

defects of crystalline formations and, consequently, improvement of strength characteristics [16]. 

Table 1. Effect of concentration of dressed iron (Fe) nanoparticles on the properties of 

polyolefin nanocomposites 

№ Composition formulation, 
wt.% 

Tensile yield 
strength,  

σy/σy
*
, MPa 

Breaking stress,  
σb/σb

*
, MPa 

Elongation at 
break,  
%/%

* 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

HDPE 
HDPE+0.5 Fe 
HDPE+1.0 Fe 
HDPE+3.0 Fe 
HDPE+7.0 Fe 
HDPE+10.0 Fe 
LDPE 
LDPE+0.5 Fe 
LDPE+1.0 Fe 
LDPE+3.0 Fe 
LDPE+7.0 Fe 
LDPE+10.0 Fe 
PP 
PP+0.5 Fe 
PP+1.0 Fe 
PP+3.0 Fe 
PP+7.0 Fe 
PP+10.0 Fe 

30.6 
31.3/31.7 
31.9/32.2 
32.4/32.0 
29.7/29.1 
28.2/27.7 

14.5 
15.0/15.6 
15.3/16.1 
15.916.5 
16.2/15.7 
15.5/14.3 

34.5 
35.2/35.7 
35.9/36.4 
36.5/35.8 
34.8/34.0 
32.6/29.4 

27.5 
28.7/28.5 
28.9/29.0 
29.3/28.7 
28.5/28.0 
27.4/26.3 

13.1 
15.9/15.2 
15.9/15.6 
16.0/15.0 
15.3/14.2 
14.1/13.3 

32.0 
33.7/32.1 
34.0/33.2 
35.2/31.5 
33.5/29.6 
31.3/28.3 

255 
260/250 
260/255 
205/145 
155/80 
55/20 
720 

735/690 
700/620 
610/310 
565/255 
210/140 

155 
170/170 
135/115 
75/55 
50/30 
20/10 

σy
*
, σb

*
, %

*
- properties of undressed nanocomposites 

 

The advantage of dressing of nanoparticles lies in the fact that as a result of the formation 

of a monolayer of organosilicon compounds on the surface of nanoparticles, it is possible to 

minimize the process of their agglomeration in a polymer matrix. This fact is important, since the 

process of agglomeration and coarsening of nanoparticles and generally increasing their total 

weight does not ensure their uniform dispersion in the polymer matrix, suppressing thereby the 

idea mechanochemical synthesis of nanocomposites [17]. 

As can be seen from Tab. 1, the morphology and crystallinity of the original polyolefin 
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affects the regularity of change in the strength properties. In HDPE and PP, the maximum value 

of the strength properties is achieved when the degree of filling of iron nanoparticles is up to 3.0 

wt.%. In LDPE, the maximum value of the strength characteristics occurs when the 

concentration of the nanofiller is 7.0 wt.%. This is explained by the fact that LDPE in 

comparison with HDPE and PP is characterized by a relatively low degree of crystallinity, equal 

to 55%. Therefore, hardening LDPE requires more filler than in the case of HDPE and PP. 

The same table illustrates the properties of nanocomposites obtained on the basis of 

polyolefins and undressed iron nanoparticles. A comparative analysis of the data in this table 

shows that the loading of undressed iron nanoparticles into polyolefins in an amount up to 3.0 

wt.% is accompanied by the improvement of the strength characteristics of HDPE and PP. In 

LDPE, an improvement in properties is achieved with low degrees of filling in the range of 1.0–

3.0 wt.%. A further increase in the concentration of the filler leads to a decrease in the strength 

properties in all samples of polyolefin-based nanocomposites. It is noteworthy that the values of 

σy and σb are lower than those of the dressed composites. The elongation at break of the dressed 

nanocomposites is somewhat higher. All these data are presented in table 1 show the positive 

role of the process of dressing nanoparticles to improve the physicomechanical properties. 

It should also be noted that, according to stoichiometry, in the APTES molecule, the ratio 

of the elements N:Si:C:O=1:1:9:3, and for the hypothetical ideal infinite "polymer mesh" formed 

as a result of hydrolysis and polycondensation of APTES, this ratio should be 1:1:3:1.5. 

According to XPS data, for polymerized APTES and iron particles modified by APTES from 

solution, the ratio of elements N:Si:C:O is 0.4:1:5.5:1.4 and 0.58:1:5.16:1.54 respectively. The 

C:Si=5.16:1 ratio indicates a partial hydrolysis of the Si–O–C bond in the grafted modifier layer 

and the elimination of –OC2H5 groups, and the Si:O=1:1.54 ratio indicates polycondensation of 

the APTES molecules with the formation of a polymerized modifier layer on the surface of iron 

particles. 

Using XPS it is possible to investigate the surface of solids, molecules adsorbed on it. The 

depth of the output of photoelectrons from the sample is no more than 5 nm (50 Å) or 10-15 

atomic monolayers, therefore this method is only sensitive to the upper surface layer. Based on 

the dependence of the binding energy on the effective charge of the oxidation degree and the 

nature of the chemical bond of the studied atom with neighbouring atoms, can be studied the 

electronic and geometric characteristics of chemical compounds.   

The data obtained by IR spectroscopy and XPS also indicate the formation of the 

polymerized structure of the modifier. If, when modifying with APTES vapors, a low-intensity 

band appears in the IR spectrum in the region of 1100 cm
–1

, characteristic of the Si–O vibrations 

of the monomeric form of the modifier, then for APTES polymerized in air and for particles 

modified from solution, the presence of bands at 1040 and 1125 cm
–1

 (Av=85 cm
–1

) and at 1040 

and 1115 cm
–1

 (Av=75 cm
–1

) is characteristic, respectively. The splitting of the oscillation band 

of the Si – O bond is associated with the formation of the Si–O–Si–O polymer structure with a 

fairly high degree of polymerization. The main maximum in the Si2p spectrum of modified 

particles has a binding energy of 102.8 eV, which is consistent with the value obtained for the 

polymerized APTES (102.9 eV), as well as the data given in work [18]. A distinctive feature of 
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the Si2p spectrum of particles modified from a solution is the presence of a low-intensity line 

with Еb=101.6 eV, indicating the presence of an M–O–Si bond, which provides for the grafting 

of the modifier to the surface of stabilized iron particles. 

The main peak with Eb=399 eV in the N1s spectrum of particles modified from a solution 

belongs to the amino groups of the polymerized modifying APTES layer, as follows from a 

comparison with the N1s spectrum of polymerized APTES. While 50% of the amino groups in 

the modifying layer on the surface of iron particles are reactive, as follows from the reaction with 

2,4-pentadione. After modifying from the APTES vapors, when a monolayer of modifier forms 

on the surface of the particles, the reaction with the 2,4-pentadione showed that there are no 

reactive amino groups. This indicates that all amino groups of APTES molecules, when modified 

from vapors, take part in chemisorption interaction with the surface of stabilized iron particles. 

The participation of amino groups in chemisorption interaction with the surface of stabilized iron 

particles with the formation of the coordination bond Fe (III) • • —NH– by replacing monomeric 

ligands (water molecules and hydroxyl groups) in iron complexes on the outer side of the 

stabilizing coating is indicated by a decrease in the binding energy of the maximum Fe2p 

Spectrum of particles modified in vapors (711.0 eV), as well as from solution (710.8 eV) in 

comparison with the initial particles (711.8 eV). The participation of APTES amino groups in the 

adsorption interaction with the oxidized surface of iron was shown in work [19-22]. 

The modifying layer is a hydrolyzed oligomer. In this case, only a thin layer adjacent to the 

stabilizing coating on the surface of the particles is chemisorbed. And only irradiation initiates 

polymerization throughout the thickness of the adsorbed modifier layer. Gas phase modification 

by APTES molecules leads to the formation of its monolayer on the surface of iron particles, 

while liquid phase modification produces a thicker polymerized APTES layer. The grafting of 

modifier molecules (APTES) to the surface of stabilized iron particles occurs due to the 

formation of a Si–O–Fe bond at the interface. In the case of APTES, its molecules are grafted 

with the participation of amino groups.  

It seemed interesting to study the effect of cross-linking agents on the basic 

physicomechanical properties of iron-filled nanocomposites, the results of the study of which are 

summarized in table-2. Moreover, nanocomposites with the highest strength characteristics were 

used as the object of study. Analyzing the data presented in this table, it can be established that 

as a result of crosslinking with dicumyl peroxide, a noticeable change in the physicomechanical 

characteristics is observed. In particular, it was found that with an increase in the concentration 

of DP from 0.20 to 1.0 wt. %, an increase in the tensile yield strength and the breaking stress of 

crosslinked nanocomposites was established. From a comparative analysis of the obtained 

experimental data, it can be noted that, as the concentration of DP increases, the values of the 

breaking stress and yield strength during tension approach to their complete coincidence at 1.0 

wt. % of the content of DP. Regardless of the type of polyolefin used, the convergence of the 

values of these strength indicators clearly indicates in favor of the fact that in the samples under 

consideration plastic deformation is replaced by a highly elastic characteristic for rubbers. This 

fact is especially pronounced when 1.0 wt. % DP is loaded into the composition of the 

composite. As expected, an increase in the concentration of DP shows a regular decrease in the 
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elongation at break of vulcanized composites. 

Table 2. Effect of dicumyl peroxide concentration on the properties of nanocomposites based on 

polyolefins and dressed iron (Fe) particles 

№ Composition 

formulation, wt.% 

 σy/σb  

MPа 

Elongation at 

break, %
 

Vicat softening 

point, 
о
С 

1 

2 

3 

 

4 

5 

6 

 

7 

8 

9 

HDPE+3.0 Fe+0.25DP 

HDPE+3.0 Fe+0.5DP 

HDPE+3.0 Fe+1.0DP  

  
LDPE+7.0 Fe+0.25DP 

 LDPE+7.0 Fe+0.5DP 

LDPE+7.0 Fe+1.0DP 

 

PP+3.0 Fe+0.25DP 

PP+3.0 Fe+0.5DP 

PP+3.0 Fe+1.0DP  

 33.9/33.1 

35.3/35.0  

36.6/36.6  

 

17.8/16.5 

 18.6/18.2 

19.2/19.1 

 

38.1/37.2 

 40.2/40.0 

41.5/41.5 

105 

 55 

20 

  

120 

75 

25 

 

55 

30 

15   

134 

148 

156 

 

120 

134 

143 

 

161 

173 

182 

σy- tensile yield strength;  σb- breaking stress 

At the same time, it was found that the greatest sensitivity to DP manifests itself when 

assessing the heat resistance of nanocomposites. As can be seen from table-2, regardless of the 

type of polyolefin, an increase in the concentration of DP is accompanied by a sharp increase in 

the value of this indicator. The latter circumstance is due to the fact that interchain linking of 

macrochains contributes to the fact that almost all thermophysical characteristics increase: heat 

resistance, melting point until the polymer matrix passes into a non-melting irreversible state. 

Using HDPE+ 3.0 wt. % Fe as an example, Fig. 1 shows the results of studying the 

influence of PD concentration on the character of changes in the thermomechanical properties of 

nanocomposites. Analyzing the presented dependences in this figure, it can be noted that the 

thermomechanical curve of the initial nanocomposite of HDPE + 3 wt. % Fe is characterized by 

two physical states: solid and viscous (Fig. 1). However, when the concentration of DP in the 

composition of the composite is within 0.25–0.5 wt. %, the thermomechanical curves undergo 

noticeable changes, characterized by three physical states: solid, highly elastic, and viscous-fluid. 

With the introduction of 0.25 wt. % DP, the first-order phase transition occurs in the temperature 

range of 148°C, and the region of highly elastic deformation is formed in the temperature range 

of 156-167°C. For composites vulcanized with 0.5 wt. % DP, the first-order phase transition 

occurs at 156°C, and highly elastic deformation occurs in the temperature range 162-181°C. For 

vulcanized composites 1.0 wt. % DP, the softening temperature of the sample begins at 162°C.  
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Fig. 1. Effect of DP concentration on thermomechanical curves of temperature dependence of 

deformation for a composite based on HDPE + 3.0 wt. % Fe (1): 2-0.25; 3- 0.5; 4-1.0 

wt. % 

Further, as the temperature of the composite experiment increases, the viscous flow state 

immediately develops into a glassy one. The glassy state is characterized by a tightly cross-

linked spatial structure, i.e., it goes into a non-melting state. 

Conclusion 

Studies have shown that the nature of the modifying agents, the environment and the 

conditions for grafting determine the thickness and physico-chemical structure of the modifying 

layers. Varying these conditions, it is possible to control the formation of modifying layers on 

the surface of iron particles stabilized by oleic acid. 

A study of the physicomechanical characteristics of composites filled with iron particles 

modified with a dressing size showed an improvement in strength indicators compared with 

unmodified ones. 

The influence of the concentration of DP on the main physicomechanical characteristics of 

composites based on polyolefins and iron particles was studied. It is shown that with an increase 

in the concentration of DP, a regular increase in the strength characteristics and heat resistance of 

composites is observed. However, a decrease in the elongation at break of vulcanized composites 

was noted. When the concentration of DP in the composite exceeds 0.5 wt. %, plastic 

deformation is replaced by highly elastic. 

Thus, the performed studies show that the dressing of iron nanoparticles with organosilicon 

compounds with further vulcanization of the composites can significantly improve the 

physicomechanical properties and deformation characteristics of hybrid polyolefin-based 

nanocomposites. 
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