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Abstract: The main objective of this work was to improve the methods of solid-phase processing technology of difficult polymeric 

materials, thermally unstable polymers, ultra-high molecular weight polymers and nanomodified polymer composites using electrophysical 
effects of microwave and ultrasound fields to improve the performance of equipment and optimization of energy-saving process and 
obtaining products with improved operational characteristics. A mathematical model allowing to describe the unsteady temperature field of 
nanomodified polymeric material sample with regard to the internal heat sources - particles of carbon nanomaterial. 

The obtained regularities allow to prove scientifically reducing the heating time of nanomodified polymer materials and process 
performance improvement through short-term operations of microwave heating in conjunction with the introduction of nanomodified into the 
polymer matrix. 

Applied to solid-phase technology ultrasound was used for the first time, and our early studies allow to speak about the prospects in 
this area intensification of technology. Studies on the application of ultrasonic influence on the polymer showed high efficiency of ultrasonic 
emitters for the powerful energy impact on the material in the solid-phase extrusion. 

In this paper we proposed, theoretically substantiated and experimentally confirmed the replacing of necessary preliminary stages of 
the polymer blanks convective heating, molds and subsequent solid-phase forming difficult polymers molding process, combined with 
ultrasound exposure. A physical model explaining the mechanism of the effect of ultrasound on the polymer structure in the solid phase 
forming as a result of acceleration of relaxation and reduction of defect formation, which adequacy confirmed by differential scanning 
calorimetry (DSC), scanning electron microscopy (SEM), thermo-mechanical spectroscopy (TMS), diffusion and physico-mechanical studies 
of polymeric materials properties. 
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Further progress in the field of plastics processing associated 
with a sharp increase in the productivity of the processing 
equipment, reducing energy intensity of industrial production 
process and improving product quality. The solution of these 
problems is impossible without the use of new advanced processing 
techniques, which include various types of polymer pressure 
processing in the solid aggregate phase (bulk and sheet forming, 
and the solid-phase hydrostatic extrusion, other methods of intense 
plastic deformation), in conjunction with the imposition of electro 
physical impact energy fields on the polymer [5, 15]. 

Due to the problem of solid phase scientific basis creating and 
polymer processing technology, development, of multicomponent 
polymeric materials formulation that meet the requirements of the 
new technology of thermoplastics methods by intense plastic 
deformation (IPD), the REC TSTU-ISMAN, "Solid-Phase 
Technology," is developing scientific field that is associated with 
the improvement techniques of difficult polymers solid-phase 
processing technology, thermally unstable and ultra-high molecular 
weight polymer overlay on the material, and snap of electro 
physical energy fields influence of different nature [1-3, 13-16]. 

As a modifying polymer substances were used single and 
many-wall carbon nanotubes series of "Taunit", produced by 
"Nanotechcenter", Tambov. To obtain comparative data was used in 
addition technical carbon as a modifier (GOST 7885-86). 

Experimental studies of the SPE of modified polymer was 
carried out on an experimental installation with a cell of high 
pressure on a universal testing machine UTS 101-5 at V = const at 
different extrusion speeds in the range of V = 20 ... 100 mm / min 
[2]. 

SPE at the optimum temperature of processing significantly 
reduces the required molding pressure, improving the performance 
of the extrudates. The process of incubation takes a long preparation 
time (about 30 min). The use of microwave heating can reduce 
heating time of blank from tens of minutes to tens of seconds. To 
intensify the process of solid-phase processing of polymer-modified 

carbon materials has been proposed a method of thermoplastics 
molding using microwave heating (RF Patent 2361733). 

Analysis of experimental data on the kinetics of microwave 
heating shows that the rate of heating of CNT powder (5 ... 8 °C / s) 
significantly exceeds the rate of the initial polymer heating (0,1 ... 
0,4 °C / s). 

The bulk microwave processing of polymer-carbon materials 
and products allows to use high energy, electric and heat conducting 
properties of carbon to form a polymer matrix with improved 
properties. Since carbon is a good conductor its heat speed rate is 
significantly higher than the polymer material, there is a more 
intense heating of the carbon particles. This leads to local heating of 
the boundary surface of the polymer and the carbon material up to 
the melting of the polymer. The bulk of the polymer-modified 
carbon material does not have time to warm up and remains in a 
solid structured phase. Microwave heating allows keeping all 
advantages of solid-phase processing (orientation of the 
macromolecules due to shear deformation with a corresponding 
increase in the strength characteristics of the finished product), use 
the local area around the molten carbon particles to increase the 
deformability of blanks, determined by the structural mobility of the 
polymer matrix. As a result, the SPE decrease the required molding 
pressure Pf at 10 ... 20%. 

In addition, the expansion by heating of locally melted 
polymer film and the carbon particles, the limited by solid basic part 
of the polymer matrix, resulting in a significant increase in internal 
pressure and, consequently, increase the area of the boundary 
surface of the polymer matrix with particles of carbon. This effect 
further affected on strength characteristics increasing of the finished 
products produced by SPE. 

One of the methods of material strength characteristics 
improving is to reduce the residual stress of extrudates σost. It is 
established that the use of prior microwave heating can reduce σost 
in 2 - 4 times. At the same time an interesting pattern was marked: 
for the modified materials in the field of ultrasmall additives (0.05 
... 0.3 weight parts. CNT) is characterized by too low level of σost at 
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the time of microwave heating from 20 to 60 from (0.2 ... 0.6 MPa ) 
and in the range of 0 ... 60 ... 20 and 100 σost more than 1 MPa. In 
the diagram analysis of the isometric heating was a slight increase 
in temperature of materials thermal resistance that have passed the 
SPE using microwave heating (TTP increases by 5 ... 30 K). 

The work presents the results of mathematical modeling of 
polymer-modified carbon materials microwave heating, checked the 
adequacy of the model and practical recommendations for the 
industrial manufacture of products by SPE using short microwave 
heating for mechanical engineering. 

The purpose of mathematical modeling is to determine the 
degree of changes in the rate of absorption of microwave radiation 
ABS copolymer upon modification of carbon nanomaterials [10, 
15]. 

Using high energy, electrical and heat conducting properties 
of carbon at microwave heating must also consider the impact of 
carbon nanoparticles as centers of additional heat. 

Unsteady temperature field of a cylindrical sample heated by 
microwave field can be modeled by a solution of nonstationary heat 
conduction problem for a solid cylinder with an unlimited three-
dimensional functional heat source. 

Formulation of the thermal conductivity problem: 
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Power of the heat source in the sample due to absorption of 
microwave energy is defined as follows: 

(2)   ( ) ( ) ( )( )rRkkI
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rdIrq −−== exp0 ;          where 

(3)  ( ) ( )( )rRkIrI −−= exp0 ;  
Since the inclusion of the carbon nanomaterial in the polymer 

can be regarded as isolated, to calculate the effective thermal 
conductivity of the system possible to use formula Odelevskogo 
[10, 15]: 
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In the formula (4) the indices n and c refer to the 
characteristics of the polymer and the carbon nanomaterial 
accordingly, m - mass fraction of carbon nanomaterial in a modified 
polymer sample. With a uniform initial temperature distribution in 
the sample 
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The minimum value of I0, corresponding to total absorption of 
sample microwave radiation for a given rate of heating, is 
determined on the basis of the total heat balance for a given point in 
time: the total heat dissipation of the heat source equal to the change 
of the sample heat content minus the heat loss from the sample 
surface to the environment. 
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The calculations determined that the introduction of a 1 mass. 
Part of nanocarbon material "Taunit" almost does not change the 
thermal properties of ABS copolymer, but more than 2 times 
increases the value of microwave radiation absorption, which leads 
to a significant intensification of nanomodified ABS copolymer 
heating in a microwave field. 

A typical scheme of the process forging products from the 
polymer-modified carbon materials shown in the figure 1 and 
includes the following stages [15]: 

- manufacturing of blanks or transport material from the 
warehouse and cut into shapes desired size; 

- heating of blanks to the required temperature stamping; 
- submission of blanks to the press and stamping products.  
Based on these results is proposed to use microwave generator 

as a heating element. 

 
Figure 1 Scheme of obtaining products process of thermoplastics by 

sheet stamping, using short microwave heating:  
1 - extruder, 2 - feed rolls 3 - punching device, 4 – grinder,  
5 - microwave generator, 6 - transporter, 7 – manipulator,  

8 - the press. 
 
Developing the intensification of the process method of solid 

phase forming (for example, SPE) nanomodified polymeric 
materials based on physical and physico-mechanical studies of the 
material structure and properties that have passed the SPE, it was 
found that the use of microwave heating: 

- Reduces the required molding pressure Pf ≈ 10-20%; 
- Increasing the strength in uniaxial tension σr by 20-50%; 
- Increases strength in shearing stress σsr ≈ 10-30%; 
- Reduced level of residual stresses σos in 2-4 times; 
- increases heat resistance Ttp of materials by 5-30 K, the 

melting temperature Tpl – at 5-40 K; 
- microwave heating use is structuring carbon black (soot). 

The efficiency of using it as a filler of polymer materials rises to the 
level of CNM. 

Currently, a significant amount of works published, pointing 
to the opportunities and prospects for the practical application of 
ultrasonic techniques for improving the quality of polymeric 
materials and intensification of technological processes for 
obtaining products with traditional methods through the stage of the 
melt [4, 6, 8 - 9, 11-14]. 

In dealing with improving and intensifying the process of 
solid phase polymer forming with ultrasonic action solved 
following tasks: 

- Experimental investigations of solid phase forming on the 
examples of SPE and axisymmetric compression with pre-
convective heating of the blank and the mold and then molded and 
the molding process, combined with ultrasound exposure difficult 
polymers PTFE and PSU; 

− the study of the kinetic changes in the density of polymers 
under axisymmetric compression and test parameters impact on the 
process and ultrasound exposure, the mathematical description of 
the experimental data, determine the effect of technological 
parameters of process treatment on the density of the processed 
polymer materials; 

− the study of relaxation effects at stressed polymer state 
under high pressure and ultrasound exposure, evaluation of residual 
stresses and surface quality of the treated polymers; 

− a physical model development of the influence mechanism 
of ultrasound on polymer structure and physico-mechanical 
properties in the solid phase of treatment; 

− algorithm design development of process obtaining difficult 
polymer material products with a given density and improved 
physical and mechanical properties; 

− experimental studies of the structure and performance 
properties of polymeric composite materials obtained by traditional 
methods and solid phase technology with ultrasound exposure. 

In considering the mechanism of ultrasonic action on the 
polymer in a solid phase treatment should be allocated three factors: 
mechanical, thermal and physico-chemical whose action is closely 
related. Mechanical factor due to the varying acoustic pressure 
because of alternating compression zones and rarefaction of the 
material and is manifested in the vibrational "healing" of defects on 
macromolecular "micro" and super molecular "meso-levels" 
polymeric matrix. Mechanical factor of ultrasound exposure leads 
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to molecular fragmentation of its crystalline modifications as a low 
melting and high melting, reduction of medium-weight molecular 
weight and mass transfer processes of macromolecules fragments 
from one modification to another. 

The heat factor caused by absorbed transformation of 
mechanical energy of ultrasonic waves into heat. Raising the 
temperature of the material leads to an increase in the rate of 
relaxation processes in the structure of polymeric matrix and 
polymer composite in general due to the acceleration of diffusion 
processes in the polymer system.  

Supplying of additional ultrasonic energy to the polymer in 
the solid phase processing reduces the required molding pressure in 
the product forming, reduces the stages number of the process, 
reduces power consumption of all process per unit of output. 

Physico-chemical factor is manifested in the change of 
physico-chemical, molecular relaxation and molecular-topological 
characteristics of the processes and structure of amorphous-
crystalline polymer in the solid phase forming process combined 
with ultrasound exposure. Ultrasound is a catalyst for these 
processes and quantitative changes in economic structure. 

Ultrasonic treatment leads to the formation of free radicals as 
a result of mechano-chemical reactions of macromolecular 
fragments destructive chains and supramolecular structures, the 
formation of embryos, or active sites of plasticity, the so-called 
"Shear effect", activation of redox processes by increasing the 
mobility of the structure and associated with these processes 
increasing the degree of crystallinity, the healing of the defective 
areas, increasing monolith structure and growth of physical-
mechanical properties of amorphous-crystalline polymer. 

Figure 2 shows a structure model of amorphous-crystalline 
polymer obtained by different technological methods [6-7]. 

    
a)   b)   c)  

Figure 2 Model structure of the polymers a - material processed LF 
technology, b - material processed SF-technology, c - SF-processed 

with the use of ultrasound technology. 
 
The model illustrates the structure of the polymer, qualitative 

and quantitative changes in the characteristics of the structure and 
the molecular-topological structure of the amorphous-crystalline 
polymer as a result of ultrasonic treatment in solid phase forming. 

Prepared a feasibility study of polymers forming stage, 
combined with ultrasound exposure rather than pre-convective 
heating of blanks and molds with subsequent forming step. 
Experimentally shows the increase of polymers density an average 
of 10% and improved physical and mechanical properties of the 
complex parameters: increased breaking stress in tension at 20 ... 
50% failure stress at the cut by 30-35% and in comparison with the 
material prior to processing in a 1,5 ... 2.5 times [12-13, 16]. 

The technological scheme for production of PTFE powder is 
implemented on the basis of REC TSTU-ISMAN, "Solid-Phase 
Technology" laboratory, where perfected technological parameters 
influencing the process. The advantages of this scheme are no 
wastes, high efficiency by reducing the molding cycle the time of 
2.3 times and reduce specific energy consumption of the process by 
18%. 

When comparing the effects of ultrasound with other effective 
method of intensifying obtaining products process of the polymers 
by microwave heating of the material, it was noted that the latter is 
rarely used as a combined process step of polymers processing, and 
is mainly used as a preliminary stage. Microwave heating is most 
efficient when processing composite materials, in particular, 

nanocomposites, when nano-additive serves as an additional source 
of heat. 

Conclusions: 
1. The efficiency of microwave heating improve performance and 
energy efficiency of solid-phase polymers processing. 

2. Experimentally confirmed the possibility of obtaining 
nanomodified polymeric materials with improved performance. 

3. Developed the mathematical model of nanomodified 
polymeric materials microwave heating on the example of ABS 
copolymer. Established that the introduction of 1 mass. part of 
nanocarbon material "Taunit" almost does not change the thermal 
properties of ABS polymer, but more than doubles the value of 
microwave radiation absorption, which leads to a significant 
intensification of heat nanomodified polymer in the microwave 
field. 

4. Designed hardware and process scheme of energy-efficient 
solid-phase nanomodified processing of polymeric materials 
increased performance. 

5. Offered a new technical solution of shaping stage using, 
combined with the influence of ultrasound to enhance the efficiency 
of solid-phase difficult polymers processing (for example PTFE) in 
terms of energy savings and improved operational performance of 
the finished product. 

6. According to the results of experimental studies of solid-
phase processing process of difficult polymers using ultrasonic 
treatment established a significant increase in rates of physical and 
mechanical properties, tensile failure stress, modulus of elasticity at 
20 ... 50%, failure stress in shear of 30 ... 35%, as compared with 
materials before treatment to 1.5 ... 2.5 times at the same time 
decreased the required molding pressure at 20 ...30%. 

7. Offered the physical model of ultrasound action mechanism 
on polymer structure and physico-mechanical properties in the of 
solid-phase processing with ultrasonic action, which has found 
experimental confirmation. 

8. Developed an algorithm of process designing for obtaining 
products from polymers on the PTFE sample with a given density 
and improved physical and mechanical properties, the advantages 
are: no wastes, high efficiency by reducing the molding cycle time 
is 2.3 times and lower specific energy consumption of the process 
by 18% . 
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