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Abstract. The mechanical properties of a polycarbonate matrix composite with glass fiber reinforcements used for the 
manufacture of a multistage centrifugal pump impeller are researched in this article. The material properties are modelled using 
DIGIMAT (The Material Modelling Platform) to determine the strain resistance of the composite with different proportions of 
reinforcements. The Tsai–Hill failure criterion is used to determine the strength in all cases. The results have been verified by 
physical testing to determine the influence of the shape and mass proportion of reinforcements on its mechanical properties. The 
strength of the manufactured part is correlated to technological factors using the MARC MENTAT solver, and the most and the 
least favorable combinations of these factors are determined. 

Keywords: Impeller, polymer-composite materials, mechanical schematic, stress, strain. 

1. Introduction 

One of the global trends in technology is the gradual replacement of traditional materials with polymer composites. One of 
the areas of application of polymer-composite materials in engineering is the manufacturing of impellers for electrical 
submersible centrifugal pumps. Polymer-composite materials (PCM) are widely used due to their largely unique properties. The 
decisive factor in the rapid development of PCM production was determined to be in its competitiveness to traditional materials. 
Nowadays, PCMs are used in almost all engineering applications [1]. One of the actively developing areas has become the 
manufacture of pump impellers (PI) for electrical submersible centrifugal pumps (ESP2PCM materials make it possible to conduct 
a thorough optimization of the system based on pump weight reduction and increase in productivity taking to account the 
individual design constraints). 

When considering the PCM, designers can also look forward to thermal, corrosion and oxidation resistance, thermal, acoustic, 
and electrical insulation through shorter manufacturing processes and reduced material waste and increased overall savings [2]. 
The automotive industry was the first industry to benefit from progressive replacement of metal to PCMs. A gradual decrease in 
the presence of ferrous metals (in the form of steel alloys, carbon steel, cast iron and wrought iron) and non-ferrous metals 
(primarily aluminum) in vehicle construction over the years has been reported [2]. 

The authors of [3, 4] distinguish the advantages of composite materials in their effect of reducing weight without affecting 
strength that is clearly demonstrated in the aviation industry. Multifunctional composite materials are intended to change the 
aviation industry approaches for the design and manufacture of load-bearing structures. The idea is that in the future, composite 
materials that are currently used only for load bearing applications should carry out additional duties as well. For example, a 
multifunctional material can be a load-bearing material with excellent thermal and electrical properties, providing improved 
structural resistance to lightning strikes and high EMI protection [3]. Additionally, a large review of research in the field of 
polymers and composites for manufacturing centrifugal pump impeller wheels has been conducted in [4, 5].  
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In a polymer matrix composite, the mechanical properties of the materials are planned to be improved by using the fiber as a 
reinforcement of the polymer matrix. According to the type of matrix and reinforcement, composites can be classified into 
different categories. In general, reinforcing fiber can be categorized as inorganic, glass, and carbon fibers [6], while composite 
materials reinforced with either glass fibers (GF) or carbon fibers (CF) have been included in more than 90% of studies [7]. 
Thermoplastic [8] or thermosetting [9] polymers were used as polymer matrices for the manufacture of impellers. It should be 
said though that while composites have excellent dimensional stability under load, this ability makes them unsuitable for high-
viscosity applications, where deformable rotors are needed in positive displacement type pumps [10]. 

Composites made of a polymer matrix reinforced with glass fiber are commonly used in the manufacture of impellers [11]. In 
general, fiberglass is an inorganic non-metallic material. The properties of these fibers include heat resistance, high tensile 
strength, and excellent chemical stability [12]. The glass fiber composition consists of SiO2, Al2O3, TiO2, B2O3, CaO, MgO, Na2O, K2O, 
and Fe2O3.  

The diversity in fiber composition results in different mechanical properties, placing the average value of Young's modulus in 
the range from 51.7 to 86.9 [12]. Nayack and Ray [13] carried out a study of the residual mechanical properties of polymer 
composites reinforced with glass fiber. Improving the wear-resistant properties of glass fiber reinforced composites is another 
important factor that has attracted the attention of many studies [14]. Ozturk et al. [15] conducted an analysis of the erosive wear 
behavior of epoxy resin where glass fiber reinforcement has been evaluated with respect to various parameters such as different 
impact angles (20° to 90°), impact velocity in the range of 70-200 mm/s, impact time and extent of erosion. According to the 
results of the analysis, the highest erosion resistance was achieved for composite material consisting of 16 % weight SiO2 (silica).  

Maras et al. [16] carried out a study of an impeller consisting of 40 % weight fiberglass reinforced with PPS in an automotive 
water pump application. The rotational velocity has been set to 4500 rpm, and water and ethylene glycol have been chosen as the 
working fluids in the temperature range of 80-100°C. The maximum radial and tangential stresses determined by the pressing of 
the impeller have been calculated at 100 and 83.5 MPa respectively. Considering the physical and mechanical properties of glass 
reinforced PPS and the maximum impeller load, the material has been considered convenient for the case. 

Another study considers comparison of organic Rankine cycle microturbines consisting of aluminum, ABS, and PEEK-G30. The 
impeller diameter has been chosen at 49 mm, the rotational velocity has been set to 36000 rpm, and R245fa selected as the 
working fluid. According to the study, in addition to the fact that PEEK-GF30 and ABS are convenient for mass production, the 
other benefits are low manufacturing costs, high chemical resistance and reduced rotational inertia. This minimizes imbalances, 
shaft fatigue and impeller case damage in the event of a failure. Additionally, simulation results have shown that PEEK-GF30 and 
ABS perform favorably in such conditions and present a good alternative to aluminum [17]. 

In [18], the authors studied the manufacture of fibrous composites and compared them with fiberglass and carbon fiber and 
explored the possibility of their use as structural materials for industrial purposes. The mechanical properties of the composite 
are determined by tensile testing of composite laminates (at various strain rates and temperatures), bending tests (at various 
strain rates) and impact tests. It is generally known that thermoplastic matrices have a high water absorption coefficient, 
therefore this article is aimed at researching the strength of polycarbonate matrix and GF based PCM.  

The focus for increasing the economic efficiency of the use of ESP with PCM PI is on the reduction of the high cost of forming 
equipment due to the lack of market competition between manufacturers. The development and implementation of PCM 
recycling technology by equipment manufacturers would contribute to reduce the life cycle cost of its operation, as well as to 
reduce the environmental impact of used composite materials. 

2. Impeller Geometry, Finite Element Mesh and Loading Conditions 

The object of study is the impeller of a four-stage vertical centrifugal pump. For an impeller made of PM the creation of a 
precise geometry is of high importance for manufacturing by injection molding technology. The PUMP module written in the 
PYTHON language allows the creation of precise geometry. The input data for the design is given in Table 1. The blade coordinates 
are determined with an accuracy of 4 decimal places, which has an impact on the accuracy of the geometry of the impeller and 
the tooling for the technological process of molding. 

Figure 1 shows the interface for computer-aided design of a blade profile developed in the PYTHON environment. The 
coordinates of the meridian profile of the wheel section and the curvature of the blade were imported into the CAD system. The 
impeller model is shown in Figure 2. 

It is necessary to create an adequate computational mechanical schematic when the impeller model is being prepared for the 
simulation. There are many methods of calculating the forces acting on centrifugal multistage pump impellers covered in 
literature [19–22]. To verify the analytical calculations and determine the pump head and kinematic characteristics of a pump 
stage, the simulation and modeling of the flow was carried out in the Sflow system. The computational mechanical schematic for 
determining the forces acting on the centrifugal multistage pump impeller is shown in Figure 3. 

Figure 4 shows a fluid flow simulation in the channels of the impeller performed using the SFlow software package, obtaining 
the values of the pressure (pump head) and flow velocity in the impeller. 

According to the simulation results, the maximum pressure formed in the impeller channels reaches Р = 73622.75 Pa, and the 
absolute velocity at the outlet of the impeller is w = 16.72 m/s. 

The strength calculation of the impeller of a centrifugal pump includes the calculation of the blades in tension due to the 
action of centrifugal forces and the calculation of the load of fluid pressure on the front and rear sides of the impeller disc. The 
calculation of the blades under tension load implies determination of the stress caused by centrifugal force. 

 

Table 1. Design input data. 

Property Designation Unit Value 

Nominal pump volumetric flow QH m3/h 15 

Pump head HH m 46 

Rotational velocity nH rpm 2850 

Working fluid  Water  

Temperature t °C 20…40 

Density ρ kg/m3 1050 
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Fig. 1. Blade profile and meridian cross-section. 

 

Fig. 2. 3D impeller model. 
 

 

Fig. 3. Left: Pump cross-section. Right: Loading scheme with pressure balance on fourth stage pump impeller. 
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Table 2. Static impeller calculation data. 

Property Value 

Pressure on impeller walls 0.072 MPa 

Dead load on hinged elements 0.5 N 

Young’s modulus 2∙105 MPa 

Poisson’s ratio 0.3 

 
For blades having a constant cross-sectional area, the centrifugal force is to be obtained by the following formula: 

( )2C BF F r rρ ω= ⋅ ⋅ ⋅ −  (1) 

where r2 and rB are the outer and inner radius of the impeller. The results of the flow simulation data in the Sflow program have 
shown that the pressure on the impeller walls equals P = 0.072 MPa, and an analysis of the strength of the impeller was carried 
out. According to the calculation scheme given in [20] and the results obtained in the SFD module, the input data for the static 
calculation of the impeller is summarized in Table 2. 

The results of the steel impeller calculation in the NASTRAN software package are shown in Figure 5. The density of the grid 
or the degree of refinement of the elements is one of the most important parameters for controlling the accuracy of the solution 
(the importance of type and shape of the chosen elements is high). In the ideal case of absence of singularities in the model 
(sharp corners, point loads and point restraints, etc.), a finer mesh, provides a more precise result. However, numerous elements 
in a fine mesh requires large amounts of computer RAM and computational time. This is especially valid for types of analysis 
where convergence requires multiple iterations per step, such as non-linear or transient analysis. 

One of the methods of assessing the quality of the mesh (and the model as a whole) is the verification of the calculation 
results using experimental data or analytical solutions. Unfortunately, they are not always available to the user if they exist at all. 
Thus, other methods of quality assessment have found application in engineering practice. These include sequential mesh 
refinement, as well as interpolation for jumps in the obtained values. 

The main and the most accurate method for assessing the quality of a mesh has been shown to be a successive reduction in 
the size of the elements until some significant result, such as, for example, the maximum stress in a certain zone, converges to a 
certain value (that is, with each iteration, the change in stress will be less than the specified permissible value) [24-25]. 

A study was carried out on a 3D model of an impeller fixed at the mounting position on the shaft. The stress concentration 
zone, obviously, is located at the edges of the blades and the mounting position of the impeller. The graph in Figure 5 shows the 
dependence of the maximum equivalent stress in the concentrator on the number of finite elements per unit area. It can be seen 
from the graph that an increase in the mesh density first leads to a sharp increase in the maximum stress, then the rate of 
increase slows down significantly and, as a result, the curve reaches an almost horizontal “shelf”, where a large increase in the 
mesh density corresponds to relatively small change of the maximum stress value. 

In this case the initial and terminal points of the area can be considered these with density of 1150 and 4500 elements per 
unit area. When the density increased for four times, the value of the stress increased only by 1.5%. 

According to the calculation results (Fig. 6) σmax equals to 66.4 MPa, displacement y equals to 0.00229 m, so considering the 
standard ultimate factor of safety for the impeller, the designed composite material should have an allowable tensile strength σв 
equal to 150 MPa. 

 

    

 
Fig. 4. Left: Impeller domain model. Center: Pressure distribution diagram. Right: velocity distribution diagram. 

 
 

 

Fig. 5. Influence of mesh quality on stress values. 
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Fig. 6. Left: Stress-strain diagram in the horizontal section of the impeller. Right: Stress-strain diagram in the vertical cross section of the impeller. 

3. Microscale Prediction of Composite Material Mechanical Properties 

The properties of the designed composite material must meet the operating conditions of the part. The designed material 
with low water permeability must withstand a stress level of 150 MPa under load. Since the new composite material will be used 
to produce impellers of a multistage pump, the water absorption coefficients are 1-7% for polyamide and 0.36% for polycarbonate 
[26, 27]. Polycarbonate is chosen as the matrix material and fiberglass as reinforcing element. 

The problem of replacing a steel impeller with a composite one can be solved in two ways: by choosing an existing material 
composition or designing a new material with the required properties. The MX module of the DIGIMAT automated system was 
used here as a reference book for existing brands of glass polymer compositions, as it contains data on more than 500 
commercially available compositions. This database contains no data on no glass fiber reinforced polycarbonate matrix materials 
in the database, so further research must be performed. 

3.1 Theoretical background 

The basic theoretical approach for determining the mechanical characteristics of two-phase composites is based on the work 
of J. Eshelby. The modulus of elasticity (Young's modulus) for fibrous and dispersion-strengthened isotropic matrix composites is 
calculated according to the theories of Eshelby, Tandom and Weng, as well as the Maury-Tanaka theorem. Equations 2-7 are used 
to define five independent constants corresponding to Young's modulus, shear and bulk modulus and Poisson's ratio of the 
composite material [28, 29].  
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Expressions for the coefficients A1, A2, … A, and the components of the Eshelby tensor, Sigkl, depending on the shape of the 
inclusions and the elastic characteristics of the phases, can be found in [27]. The modulus of elasticity introduced in this way 
provides effective values that determine the macroscopic elastic properties of the material. 

The above theories allow us to determine the engineering constants for the designed PCM, so to predict the strength of the 
structure, it is necessary to use the equivalent stress criteria, as well as the Tsai-Hill criterion for transversely isotropic bodies (3D), 
using the setting of the first destroyed FPGF pseudo-grain [30,31] (Eq. 8): 

( ) ( ) ( )
2 2 2 2 2 2

11 22 22 33 11 33 12 23 132 2 2 2 2 2 2 2 2 2 2 2
11 22 33 11 22 33 11 22 33 12 23 13

1 1 1 1 1 1 1 1 1 1 1 1 1
1

2 B B B

B B B B B B B B B B B B

σ σ σ σ σ σ τ τ τ
σ σ σ σ σ σ σ σ σ τ τ τ

              + − − + − + + − + − + − + + + =                   
 (8) 

where ii and ij are the axial and shear components of the Cauchy stress tensor, and Bii and Bij – are the ultimate factor of safety 
along the corresponding directions. 
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Table 3. Input data for numerical simulation of composite material. 

Parameter Value 

Polycarbonate modulus of elasticity 2360 MPa 

Polycarbonate density 1.14∙10-9 kg/mm3
 

Polycarbonate lower yield strength 63 MPa 

Polycarbonate hardness 95 HB 

Glass modulus of elasticity 7200 MPa 

Glass density 7.8∙10-9 kg/mm3 

Poisson’s ratio of glass 0.3 

Table 4. Geometric parameters of chopped glass fiber reinforcements. 

Fiber brand Fiber diameter Fiber length Particle shape 

ECS 11-4.5-560A 11 µm 4.5 mm Fiber 

ECS 13-3-552B 13 µm 3…6…12 mm Fiber 

CS 7938 50 µm 4.5 mm Ellipsoid 

CC 10 to 90 µm - Hollow glass spheres 

3.2 Data for modeling composite material properties 

The MSC Digimat MF module was used to implement the simulation on the microlevel approach. The input data is 
summarized in Table 3. 

Papers published until now [32-37] deal with four main shapes of reinforcement particles such as sphere, parallelepiped (or 
needle-shaped particles), flake and fiber. For this experiment, fibers, ellipsoids, and spheres were selected as representative of 
elements in common usage (Fig. 7). 

Nowadays, there are many companies supplying chopped glass fiber with various geometric properties. The geometric 
properties of the fiber grades used for numerical analysis are summarized in Table 4. The analysis was carried out with particles 
having aspect ratios kr equal to 400, 20, and 1. 

Data from the MX module was used to determine the optimal proportion of the reinforcement in the matrix, where the 
percentage of reinforcement in different compositions varies from 10% to 70%. Data on experiments [38] for determining the 
strength of composites, suggests that inclusion of reinforcement beyond 70% by weight results in brittle failure of the composite 
material. The optimal proportion of reinforcement was then determined by numerical simulation with 10%, 20%, 30%, 40%, 50%, 
and 60% of reinforcement. 

4. Results of the Numerical Simulation of the Mechanical Material Properties of Composite Materials 

The DIGIMAT composite modeling technology relies on micromechanical approaches to accurately predict the behavior of 
complex multi-component materials and allows bridging of the gap between composite material design, manufacturing process, 
and finite element analysis. DIGIMAT can simulate the characteristics of thermoplastics, thermosetting plastics, and composite 
materials with different matrices (polymeric, metallic, and rubber based). It is possible to consider the heterogeneity of the 
structure of materials associated with the technological processes of manufacturing composites, such as injection molding, laying 
out, and pressing [39,40]. The calculated characteristics of the materials will then be translated to an equivalent homogenous 
material, the properties of which can then be transferred to finite element software packages or DIGIMAT (Fig. 8). 

4.1 Influence of the reinforcement shape factor on the mechanical properties of polycarbonate matrix composite materials 

The results of the study of the influence of the aspect ratio of the reinforcement particles on the stress-strain curve of the 
material, is presented in Figure 9. The graphs presented in Figure 10 show a large spread in the values of the mechanical 
properties of the composite depending on the shape of the reinforcements, with the largest value occurring for the needle shape. 

4.2 Influence of the reinforcement volume on mechanical properties of composites based on polycarbonate and polyamide 
matrix with glass reinforcements 

The MF module and the data given in Table 5 were used to calculate the results displayed as stress-strain curves of 
polycarbonate composite materials filled with short, chopped glass fibers with the aspect ratio kr = 400 (Fig. 10). 

The material properties obtained by modeling the properties of a polycarbonate matrix composite for various glass fiber mass 
fractions mf are presented in Table 5. 

 
 

  

Fig. 7. Representative reinforcement elements with different proportions and shapes of inclusions. Left: ellipsoid; Center: fiber; Right: hollow glass 
spheres. 
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Fig. 8. Structural analysis of heterogeneous material and translation to equivalent homogenous material. 
 

 

Fig. 9. Stress-strain diagrams for a polycarbonate matrix composite material with fiber reinforcement (red line); ellipsoidal reinforcements (green 
line); glass sphere reinforcement (blue line). 

 

 

Fig. 10. Stress-strain diagrams for a polycarbonate composite material with different amounts of reinforcement: a) 10% (green line); b) 20% (red line); 
c) 30% (blue line); d) 40% (dashed red line); e) 50% (dashed green line); f) 60% dashed blue line.  

 

Table 5. Calculated material parameters of glass fiber reinforced polycarbonate matrix composites. 

mf E [MPa] G [MPa] ν Ρ [kg/mm3] 

10% 3200 1156 0.35 1.26∙10-9 

20% 4029 1498 0.33 1.33∙10-9 

30% 5060 1895 0.32 1.415∙10-9 

40% 7389 2769 0.32 1.511∙10-9 

50% 8991 3386 0.31 1.623∙10-9 

60% 11003 4175 0.31 1.74∙10-9 
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Fig. 11. Stress-strain diagrams for a polycarbonate composite material with different reinforcement orientations: a) with volumetric orientation   
a11= 0.33, a22= 0.33, and a33= 0.34 (blue line); b) with flat orientation a11= 0.5, a22= 0.5, and a33= 0 (green line); c) with flat orientation a11= 0.8, a22= 0.2, and 

a33= 0 (red line). 

 
 

 
 

 
 

Fig. 12. Failure curves for a composite material based on a polycarbonate matrix containing: 30% reinforcement (top row); 40% reinforcement 
(middle row); 50% reinforcement (bottom row). 
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Analysis of the data presented in Table 5 indicates an increase of the modulus of elasticity and the shear modulus 
proportional to the increase of the mass fraction of inclusions and an appropriate decrease in the value of Poisson's ratio, 
indicating a loss of elasticity, and the tendency to embrittlement of the material. The density of the material also increases with 
an increase in the proportion of reinforcement, resulting in increased impeller mass and reduced dynamic performance of the 
pump rotor. 

4.3 Influence of the orientation of reinforcement fibers on the mechanical properties of polycarbonate matrix composite 
materials 

The orientation of the reinforcement fibers is one of the most significant factors affecting the mechanical properties of the 
composite. The indicator of this parameter is the orientation tensor T (Eq. 9): 

11 12 13

21 22 23

31 32 33

a a a

T a a a

a a a

 
 
 =  
 
 

 (9) 

As there is currently no clear methodology and recommendations for creating numerical models for determining the optimal 
orientation of reinforcement fibers for materials based on a polycarbonate matrix and chopped glass fibers, the simulation was 
carried out for a flat and a volumetric layout in uniaxial direction. The stress-strain diagram presented in Figure 11 for such 
materials shows a large spread in the results of the mechanical characteristics of the composite, therefore it is necessary to verify 
the simulation results with experimental studies. 

4.4 Influence of the reinforcement fiber mass fraction on the strength to failure of the composite material 

Numerical simulations were run on compositions with 30%, 40%, and 50% of reinforcement since the stress-strain curves are 
the closest to the subject of the research, even though these curves do not reveal the ultimate strength of the material at the 
micro level. The failure stress values for the material were determined using the MF module with additional settings introduced 
according to the failure criterion. 

The structural strength was predicted using the equivalent stress criteria is used, as well as the Tsai-Hill criterion for 
transversely isotropic bodies (3D), using the formulation of the first destroyed FPGF pseudo-grain [41]. 

Failure curves and strength surfaces at the micro level can be seen in Figure 12. An increase in strength with an increase in 
the mass fraction of the reinforcement is obvious, as a reduction in the level of strain can be seen as well. The destruction of the 
composite occurs at σ = 150 MPa, ε = 0.045 for 30% of the filler, σ = 165 MPa, ε = 0.045 for 40% of the filler, and σ = 150 MPa, ε = 0.04 
for 50% of the filler. 

5. Experimental Research of the Mechanical Material Properties of Composite Materials 

According to the numerical simulations carried out at the stage of designing the properties of the composite, a polycarbonate 
composite material with 30% of the mass fraction of glass fiber is considered optimal to manufacture impellers. The numerical 
simulation made it possible to reduce the number of full-scale tests as it has revealed the most convenient method for designing 
new materials with desired properties. 

To verify the computational data and revise the correlation of numerical data with experimental results, tests were performed 
using standard samples of PCM with 10%, 20%, and 30% of inclusions, that is, up to the optimal number of inclusions. Tests were 
performed for tension, bending, and impact strength. 

5.1 Preparation of composite material 

Polycarbonate matrix composites are manufactured with glass fibers chopped short. This procedure was chosen because of 
the molding process, as the insertion of integral fibers into the polycarbonate matrix is technologically more complicated than 
the manufacture of composites with short fibers. The polymer mixtures are being prepared on a single-screw Esmos extruder 
having 45 mm in diameter and ratio L/D = 25. The extruder is electrically heated. The temperature is controlled by thermocouples 
and a thermostat. The extrusion temperature regime is as follows: zone I has 260°C; zone II has 265°C; zone III has 270°C, and 
zone IV has 260°C. 

The testing samples shown in Figure 13 were manufactured using injection molding and sized according to ISO R527. 

5.2 Testing results 

The tensile and flexural strength tests were carried out on a LRXplus universal testing machine. The machine is computer 
controlled and applies deformation with a constant strain rate. Tensile loading was carried out at the speed of 5 mm per minute. 
Flexural strength was measured by means of the three-point bending test. The test sample was placed as a freely supported rod 
loaded in the middle of the span. The load during the bending test was applied at a constant speed of 2 mm per minute. The 
tensile and bending test setups can be seen in Figure 14.  

 

   

Fig. 13. Composite test samples: Plain matrix (left); 20% glass fiber reinforcement (center); 30% glass fiber reinforcement (right). 
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Fig. 14. Left: Tensile test setup; Right: Bending test setup. 

 

Fig. 15. Tensile strength test results. 

 

Fig. 16. Impact resistance test results. 

Table 6. Experimental testing results compared to numerical simulation values. 

Reinforcement ratio 0% 10% 20% 30% 

Measurement type Experimental Numeric Experimental Numeric Experimental Numeric Experimental Numeric 

Et, [MPa] 1970 (not performed) 5240 3200 5250 4029 6190 5060 

σm, [MPa] 63.1 (not performed) 125 90 128 120 150 150 
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Fig. 17. Bending strength test results. 

   

Fig. 18. Gating system installations for injection molding of PCM impellers: One injection point (left); Two injection points (center); Three injection 
points (right). 

The results of all tests were statistically processed and charted in relation to the weight percentage of glass fiber 
reinforcement. Tensile strength is shown in Figure 15, impact resistance is shown in Figure 16, and bending strength is shown in 
Figure 17. An overview of the testing results in comparison to the results of the numerical simulation is given in Table 6. 

The comparison of the results of numerical and experimental measurements shows that the average difference between the 
elastic modules is 30 %, while the average difference between the strength values is 7 %. 

The difference between the data of numerical simulations and experimental measurements can be explained by the influence 
of technological factors on the strength of pump PCM details, which must be researched further. 

6. Simulation of the Molding Process of a Polycarbonate Matrix Glass Reinforced Impeller 

Injection molding is a four-step cyclic process of manufacturing pump details that includes the filling, packing, cooling, and 
ejection phases. Injection molding process parameters such as molding temperature, melt temperature, injection pressure and 
injection time have been introduced as important properties and cost parameters of manufactured parts [42, 43]. The 
optimization of this parameter for the manufacture of injected impellers has attracted the attention of many researchers. 

The presence of junctions has become an important characteristic of PCM, which is now necessarily considered when creating 
new polymers and compositions. The nature of the influence of the technological mode of molding and the structural features of 
the product on the strength of the junctions depends on many factors and does not fit into simple schemes. 

The development of methods for modeling three-dimensional molten flow during thermoplastic molding creates 
fundamentally new possibilities for predicting the flow at the flow front, and the position and properties of junctions. Computer 
programs for three-dimensional modeling make it easier to accurately consider influence of effects associated with melt cooling 
and heat dissipation in the melt near marks and edges and determine the position of junction lines on the surface of thick-walled 
products with complex geometry. 

Computational analysis makes it possible to evaluate the influence of structural details and the gating system on the position 
of the junctions. Of course, it is impossible to avoid the occurrence of junctions in the presence of mesh openings in the detail, 
although it is possible to transfer junctions from problem areas to more advantageous ones in terms of strength and (or) 
appearance of the part. The most widely used software products are based on the so-called Hele-Shaw flow model, which 
considers a two-dimensional flow of a thermoplastic melt [44, 45]. Figure 18 shows the variation of the models of technological 
parameters of the gate system. 

The strength of the composite material is not a conclusive value when calculated for the micro level and experimentally 
determined. The impeller is a complex shape which goes through an injection molding process, which in turn will also affect the 
final strength value of the completed detail. The degree of influence of technological factors, such as molding temperature and 
the number of injection points, on the strength of the finished part of the pump impeller will be determined next. 

To determine the influence of technological factors, a two-factor computational experiment was planned with such factors as 
time, number of injection points, response - reserve factors, with the failure index (FI) (Eq. 10) calculated according to Tsai-Hill [46], 
while the experimental parameters matrix is listed in Table 7. 

1
SF

FI
=  (10) 

The neutral levels of the factors X1 and X2 are temperature equal to 265°C and 2 injection points respectively.  
Figure 19 shows the results of the computation in the DIGIMAT RP module, the result of the fiber strings orientation and the 

result of the location of the junction lines. 
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Table 7. Experimental parameters matrix. 

Experiment number Factor X1 Factor X2 Temperature X1 Number of injection points X2 Response y 

1 1 1 270 °C 3 1.35 

2 -1 1 260 °C 3 1.51 

3 1 -1 270 °C 1 1.56 

4 -1 -1 260 °C 1 1.49 

 
 

  

  

  

Fig. 19. Results of the analysis of the technological process and locations of the junction lines in the PMC impeller for casting: single injection point 
(top); two injection points (center); three injection points (bottom). 

 

  

Fig. 20. The results of the stress calculation and failure criterion of PMC impeller with different options for setting injection points: Locations of 
highest failure probability (left); Areas of highest equivalent stress (right). 
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Table 8. Statistical processing of numerical results. 

Experiment number X1 X2 y X1 X2 2

2X  
2 2

2 2X X  
3

1 2X X  X1 X2y 4

2X  2

2X y  

1 270 3 1.41 810 9 656100 7290 1142.1 81 12.69 

2 260 3 1.51 780 9 608400 7020 1177.8 81 13.59 

3 270 1 1.56 270 1 72900 270 421.2 1 1.56 

4 260 1 1.49 260 1 67600 260 387.4 1 1.49 

Σ 1060 8 5.97 2120 20 1405000 14840 3128.5 164 29.33 

 
It can be noted in the diagrams shown in Figure 20, that junction lines are formed at the places where the orientation of the 

fiber strings changes. It is also necessary to note the location of the junction lines, as stress concentration occurs at the junction 
lines, mesh openings and mounting positions. The numerical calculation shows that the highest intensity of stress concentration 
occurs with two injection points along two long junction lines. 

The integration of the DIGIMAT RP and MARC MENTAT systems made it possible to carry out the calculation considering the 
physical nonlinearity of the model and determine the maximum stresses that occur at the cross-sections of the impeller made of 
composite material, as well as determining the detail failure criterion. The results are shown in Figure 20. 

The results of the numerical experiments according to the matrix of the experiment are included in Table 8 of the regression 
analysis. The response of the system to technological factors was determined by regression analysis and a regression equation of 
the following form (Eq. 11): 

2
0 12 1 2 2 2ŷ b b x x b x= + +  (11) 

The relation equation is obtained after solving the system of linear equations and determining the regression coefficients (Eq. 
12): 

2
1 2 2ˆ 1.99025 0.0023 0.14425y x x x= + +  (12) 

The strength function response surface in relation to the technological factors of temperature and the number of injection 
points is shown in Figure 21. To analyze the extremum of the function values, we take only an integer number of factor values X2. 
This means that the maximum value of the strength factor under the condition of energy saving will be achieved at three 
injection points, and a slight improvement in strength quality by 0.005% will be achieved by increasing the process temperature 
by 10°C and a decrease in injection points to 1. The extremum of the function - the minimum strength is reached at the point 
corresponding to two injection points and a temperature of 270°C. 

7. Conclusion 

The detailed methodology for numerical simulation of a composite material based on polycarbonate with chopped fibers to 
produce impellers of a multistage pump was presented in this article. Numerical analysis was performed to determine the stress-
strain curve and the failure criterion at the microlevel, making it possible to predict the strength of the composite and reduce the 
number of full-scale experiments. The results of numerical analysis and full-scale experiments decided the composition of 
polycarbonate and chopped fibers. The tensile strength of the material reaches 150 MPa, with the difference between numerical 
and full-scale experiments occurred as 7% in stress-strain and 20% in engineering data, the difference being conditioned by the 
influence of technological factors of the injection molding process.  

The modeling of the process of centrifugal pump impeller molding from a glass polymer made it possible to draw the 
conclusion that junction lines are formed in places where the orientation of the fiber strings changes. It is also necessary to note 
the location of the junction lines, as most stress concentration occurs at the junction lines at the mesh openings and at the 
mounting positions. The numerical experiment also shows that the most stress concentration occurs with two injection points, 
resulting in two long junction lines. 

According to the results of the two-factor numerical analysis for the determination of the influence of the process 
temperature and the number of injection points in the gating system, an equation was derived for the relation of the composite 
material strength on the parameters of the technological process, according to the extrema of the response function. It was found 
that the most optimal parameters in terms of energy saving, and strength of the molded impeller detail occurred as a 
combination of three injection points at a temperature of 260°C, while the minimum strength was reached with two injection 
points at a temperature of 270°C. 

 

Fig. 21. Strength function response surface. 
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Nomenclature 

QH 

HH 

nh 

t 
ρ 

p 

w 

E 

G 

Nominal pump volumetric flow [m3/h] 
Pump head [m] 
Rotational velocity [min-1] 
Temperature [ °C] 
Density [kg/m3] 
Pressure [MPa] 
Absolute velocity [m/s] 
Modulus of elasticity [MPa] 
Shear modulus [MPa] 

ν 
σmax 

y 
mf 
aij 
σm 

SF 
FI 
ε 

Poisson’s ratio [-] 
Maximum stress [MPa] 
Displacement [mm] 
Mass fraction of inclusions [%] 
Orientation tensor component 
Strength limit [MPa] 
Safety factor [-] 
Failure index [-] 
Strain [-] 
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