

  polymers-14-01660




polymers-14-01660







Polymers 2022, 14(9), 1660; doi:10.3390/polym14091660




Article



Effect of Heating Conditions during Moulding on Residual Stress–Strain Behaviour of a Composite Panel



Andrii Kondratiev 1[image: Orcid], Václav Píštěk 2[image: Orcid], Oleksii Vambol 3[image: Orcid] and Pavel Kučera 2,*[image: Orcid]





1



Department of Building Technology and Construction Materials, O.M. Beketov National University of Urban Economy in Kharkiv, Marshal Bazhanov Str. 17, 61002 Kharkiv, Ukraine






2



Institute of Automotive Engineering, Brno University of Technology, Technická 2896/2, 616 69 Brno, Czech Republic






3



Department of Composite Structures and Aviation Materials, National Aerospace University “Kharkiv Aviation Institute”, Chkalova Str. 17, 61070 Kharkiv, Ukraine









*



Correspondence: kucera@fme.vutbr.cz; Tel.: +420-541-142-274







Academic Editor: Francesco Paolo La Mantia



Received: 29 March 2022 / Accepted: 19 April 2022 / Published: 20 April 2022



Abstract

:

Currently, we observe extensive use of products made of polymeric composite materials in various industries. These materials are being increasingly used to manufacture large-sized structural parts that bear significant loads. However, increase in the volume of composites used in critical structures is impeded by the instability of properties of the resulting products. In most cases, the reason for this is the residual thermal stress–strain behaviour of the composite structure. This paper deals with the development of a method to predict the residual stress–strain behaviour depending on the heating conditions and distribution of the temperature field over the thickness of the moulded composite package. The method establishes the relationship between moulding process parameters and the effect of the auxiliary and basic equipment on the distribution of the temperature field, stresses, and strains in the moulded product. It is shown that the rate of temperature change at the stage of heating has its effect on the amount of residual deformation of the structure. Experimental studies have been carried out to determine the influence of several factors (rates of heating and cooling) on the residual deflection of the composite panel. Experimental data proves that specimens moulded under conditions of an increased heating rate get a greater deflection than those moulded at a lower heating rate. The error of results during the full-scale experiment did not exceed 6.8%. Our results provide an opportunity to determine the residual thermal stress–strain behaviour of the moulded structure with the required degree of accuracy without a series of experiments. It allows us to significantly simplify the practical implementation of the developed method and avoid any additional production costs.
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1. Introduction


Recently, the share of structural elements made of polymeric composite materials (PCM) in products for various applications has significantly increased [1,2]. Introduction of PCM results in the reduction of the structure weight [3,4] and produces a product with the required specific properties (radio transparency, vibration resistance, low thermal conductivity, etc.) [5,6]. However, increase in the volume of PCM used in critical structures is impeded by the instability of properties of the resulting products (deviations in dimensions, structure, and properties of PCM) [7,8]. In most cases, the reason for this is the residual thermal stress–strain behaviour (SSB) of the composite structure [9].



As is known, the SSB of the structure made of PCM is formed during the technological process [10,11]. Occurrence of residual SSB is due to several factors, including the structure itself, number of layers, physic-mechanical characteristics (PhMC) of the moulded PCM package, monolayer thickness, etc. [12,13,14]. The above factors lead to an uneven distribution of the temperature field over the thickness of the product and, therefore, occurrence of residual SSB in the finished composite structure [15,16].



Recent studies refer to online monitoring of impregnation of the reinforcing material during the curing process [17,18,19]. The results allow us to model, and then to control and manage the curing process at the initial stage. However, occurrence of the thermal SSB at subsequent stages is not considered.



The rate of temperature change in the process of moulding of products of PCM in the process instructions is usually regulated at 2–3 °C/min [5,10]. However, these values cannot be used in the process in some cases [20]. First, this is due to occurrence of SSB in the moulded product, which can lead either to its failure [10,21,22], or to residual deformations exceeding the permissible ones [23,24].



In most cases, the results of recent studies represent a generalized solution pattern as, for example, in [11,25,26], or models which consider the individual factors only [27,28]. By way of example, the papers [27,28] describe the chemical and physical processes occurring in the moulded material in the curing process. Problems arising in the moulding process were considered, and the tasks were set, the completion of which allowed description of the chemical transformations in the binder, release of volatile products, and shrinkage processes. Nevertheless, impact of the temperature on the characteristics of the material during the curing process was not considered, and the influence of the product dimensions and geometry was not analysed. However, as a matter of practice, the proposed patterns simulate the moulding process in a general way, whereas the mathematical description of the ongoing physic-chemical processes is not commonly given or, at best, it is partially presented, which makes it difficult to implement them in practice in the production environment. Occurrence of relaxation and creep phenomena in the composite at the stage of temperature holding and curing are considered in a number of papers [29,30]. Distribution of the thermal field in the process of curing was not studied in these papers.



One of the primary issues related to modelling the curing process is being able to determine a model for changing the degree of curing, and hence the composite viscosity at the stage of its transition from a viscous-flow state to a solid one [31,32]. The papers [33,34] are of particular interest, since they give a description of SSB occurrence at the stage of PCM heating to the polymerization temperature, based on the experimental studies. However, these papers do not address the problems related to supply of additional heat to the composite, and nor the effect of the product geometry.



Temperature phenomena also participate in SSB at the stage of heating, along with shrinkage, as shown in [35]. Temperature stresses become comparable with shrinkage stresses upon reaching the material viscosity of 60–70% conversion in the binder.



A particular case of the composite curing by the autoclave method was studied in [36]. Detailed consideration of this method in the future would allow us to project the results onto other methods or to generalize.



It can be seen from the presented review that most papers did not consider the phenomenon of occurrence and effect of temperature stresses at the stage of heating of the material, and presence of reinforcing material in the product, and process parameters were determined by the PhMC of the binder only. This approach to determination of pro-cess parameters often leads to the violation of structure, appearance of unacceptable SSB in the material (product) and additional costs in the manufacturing of the PCM structures. In most cases, process parameters at the manufacturing site are determined by a trial-and-error method for any specific product. This is especially true for the stage of its development; therefore, the resulting process parameters are often not rational ones, in terms of production costs.



Manufacturing application of several techniques reduced the level of residual deformations in structures with an asymmetric design. However, during the process of moulding the PCM products with a symmetric structure, residual stresses and deformations of temperature origin occurred in some cases, and the product was not suitable for further use. In this regard, we need to model a moulding process that will describe the physic-chemical processes occurring in the moulded material, and that considers the factors affecting the residual SSB of the structure. Therefore, it is important to develop a method for determining the SSB depending on the heating conditions and distribution of the temperature field over the thickness of the moulded PCM package.




2. Materials and Methods


A thermosetting binder was investigated. This binder, after rejection, was treated as a solid body. A further increase in temperature did not lead to the transition of the matrix into an elastic, and a further increase did not lead to a viscous-flow state. When heated, the thermoset worked as a solid body up to the destruction temperature. The SSB of the PCM panel was studied based on the linear theory of thermoelasticity of an anisotropic body. To determine the SSB in the moulding process, the energy criterion was used. The following assumptions were made: the element was in the plane stress state, temperature effect was present, and there was no effect of the material shrinkage. The hypothesis of undeformed normals was accepted, and the hypothesis on absence of the pressure of composite panel layers on each other was considered true. The temperature field acting in the process of moulding onto the panel was assumed to be non-uniform over the thickness of the PCM package. Since the problem to be solved was the temperature problem, it was assumed that the total energy of the system was equal to the potential energy. Experimental studies were carried out in laboratory conditions using standard equipment, instruments, and fixtures (SNOL 60/300 NL Curing Oven, Utena, Lithuania). The influence of several factors (rates of heating and cooling) on the residual deflection of the PCM panel was studied experimentally on specimens of plates of 150 × 150 mm. The specimens were made of prepreg based on T-10-14 glass cloth (Producer: JSC “Polotsk-Steklovolokno”, Polotsk, Republic of Belarus) on FP-520 binder (Producer: Federal State Unitary Enterprise All-Russian Scientific Research Institute of Aviation Material, Russian Federation) by manual layup onto a flat mould. The moulded PCM package was a symmetrical structure [0°; 90°; 90°; 0°]. Deflections were measured by photographs. The specimen was fixed before the lens in the way that the curved plate located in front of the lens was projected into a clear curve.




3. Theoretical Background


The main sources of residual stress for PCM structures in the process of moulding are the differences in the thermophysical and elastic properties of the components of the material. Based on the principle of maintaining the integrity of the PCM structure during the process of deformation when moulding on the contact surfaces the layers for displacements (ux, uy, uz) and tangential stresses (τxz, τyz), the following relations should be fulfilled (Figure 1) [37,38]:


   u x    i + 1     =  u x   i    ;    u y    i + 1     =  u y   i    ;    u z    i + 1     =  u z   i    ;    τ  x z     i + 1     =  τ  x z    i    ;    τ  y z     i + 1     =  τ  y z    i    .  



(1)







Further, we accepted the hypothesis of undeformed normals represented as follows [37,39]: εz = 0; γxz = 0; γyz = 0. In addition, we considered the hypothesis of no pressure of the layers of the composite panel on each other to be true, i.e., σz = 0.



Based on the assumptions made, physical relationships for the layer reinforced at the angle φ to axis Ox, are written as:


           σ x         σ y         τ  x y          k  =          b  11        b  12        b  13          b  21        b  22        b  21          b  31        b  32        b  33          k  ·        ε x         ε y         γ  x y         −          a  T 1          a  T 2          a  T 3          k      Δ T    k  ,  



(2)




where bij, aij—constants defined as [38,39];   Δ  T i   —temperature differential in the i–th layer.



Temperature differential across the thickness of PCM package depends on the temperature characteristics of the shaping surface and auxiliary equipment as follows [40,41]:


  Δ T =          δ 1     λ 1    +  1   α 1      −      δ 3     λ 3    +  1   α 3           δ 2     λ 2     ν p    2    1   α 1    +  1   α 3    +    δ 1     λ 1    +    δ 2     λ 2    +    δ 3     λ 3                 c 3   ρ 3   δ 3 2     λ 3    +   2  c 3   ρ 3   δ 3     α 3      −      c 1   ρ 1   δ 1 2     λ 1    +   2  c 1   ρ 1   δ 1     α 1             δ 1     λ 1    +  1   α 1      −      δ 3     λ 3    +  1   α 3        −  c 2   ρ 2   δ 2    ,  



(3)




where    δ 1  ,    α 1  ,    λ 1  ,    c 1  ,  ρ 1  ,  δ 2  ,    λ 2  ,    c 2  ,    ρ 2  ,    δ 3  ,    α 3  ,    λ 3  ,    c 3  ,  ρ 3   —thickness, heat transfer and thermal conductivity coefficients, specific heat capacity, density of the shaping surface, PCM package and auxiliary equipment, respectively; νp—heating rate.



In some cases, a double heat inlet, as in the autoclave or oven, cannot be implemented, for example, repairs of structures where the heating blanket acts as a heating medium, or in the case of moulding with the heated equipment [41,42]. In this case, the PCM package is heated on one side only, and the dependence Equation (3) is simplified:


  Δ T =    c 2   ρ 2   δ 2 2    k  λ 2     ν p  ,  



(4)




where k = 2 (in case of one-sided heating of the material).



Deformations arising in the panel are defined as follows:


   ε x  =  ε x 0  +  χ x  z ;    ε y  =  ε y 0  +  χ y  z ;    γ  x y   =  γ  x y  0  +  χ  x y   z ,  



(5)




where    ε x 0  ,    ε  y   ,  0     γ  x y  0   —deformations in the median plane;   χ x  = −    ∂ 2  w   ∂  x 2    ;    χ y  = −    ∂ 2  w   ∂  y 2    ;    χ  x y   = − 2    ∂ 2  w   ∂ x ∂ y    —curvatures.



Deformation energy of the panel is written as [34]:


  U =   ∬  S    ∫  0 h     σ x   ε x  +  σ y   ε y  +  τ  x y    γ  x y     d z d S   ,  



(6)




where    σ x  ,    σ y  ,    τ  x y    —internal stresses in the panel determined from dependencies Equation (2);    ε x  ,    ε y  ,  γ  x y    —deformations of the panel determined from dependencies Equation (5); h—thickness and S—area of the panel;      h k  +  h  k − 1    2  =   z ¯  k   —distance from median surface of the package to the middle of k–th layer (Figure 2).



Substituting Equation (5) in Equation (6), we obtain the expression below:


  U =   ∬  S     N x   ε x 0  +  N y   ε y 0  +  N  x y    γ  x y  0  +  M x   χ x  +  M y   χ y  +  M  x y    χ  x y     d S ,  



(7)




where    N x  ,    N y  ,    N  x y   ,    M x  ,    M y  ,    M  x y    —forces and moments acting within the panel [38,39].



The resulting forces and moments acting in the system are defined as follows [38,39]:


         N x         N y         N  x y               M x         M y         M  x y         =        B  11        B  12        B  13           C  11        C  12        C  13          B  21        B  22        B  23           C  21        C  22        C  23          B  31        B  32        B  33           C  31        C  32        C  33                                 C  11        C  12        C  13           D  11        D  12        D  13          C  21        C  22        C  23           D  21        D  22        D  23          C  31        C  32        C  33           D  31        D  32        D  33         ·        ε x 0         ε y 0         γ  x y  0              χ x         χ y         χ  x y         −        B  T 1          B  T 2          B  T 3               D  T 1          D  T 2          D  T 3         ,  



(8)




where    B  i j    ,    C  i j   ,    D  i j    ,     B  T i    ,    D  T i    —constants defined as [38,39]:



After substitution of Equation (8) in Equation (7) we obtain the following dependence:


  U = f    ε x 0  ,    ε y 0  ,  γ  x y  0  ,  χ x  ,    χ y  ,  χ  x y   ,  B  i j   ,  C  i j   ,    D  i j   ,  B  T i   ,  D  T i     ,  



(9)







Deflection function is represented as the power series below:


  w =    x 2  +  y 2       f 1  +  f 2   x 2  +  f 3   y 2    ,  



(10)




where    f 1  ,    f 2  ,    f 3  —  some of coefficients.



The temperature field acting in the process of moulding onto the panel is assumed to be non-uniform over the thickness of the PCM package. Since the problem being solved is the temperature problem, it makes no sense to look for the work of external forces, which means that the total energy of the system will be equal to the potential energy. Substituting the deflection Equation (10) into Equation (5), and then into energy Equation (9), we obtain, after integration of the latter, the dependence of deformation energy on the unknown coefficients and deformations as:


  U = U    f 1  ,  f 2  ,    f 3  ,    ε x 0  ,    ε y 0  ,  γ  x y  0    .  



(11)







Dependence Equation (11) is functional, and its minimum will be reached when all derivatives of the total energy regarding coefficients of series Equation (10) are set to zero. Then the re-solving system of equations will take the form:


    ∂ U   ∂  f 1    = 0 ;       ∂ U   ∂  f 2    = 0 ;       ∂ U   ∂  f 3    = 0 ;     ∂ U   ∂  ε x 0    = 0 ;       ∂ U   ∂  ε y 0    = 0 ;       ∂ U   ∂  γ  x y  0    = 0 .  



(12)







This system represents the linear algebraic equations; the number of these equations will always be equal to the number of coefficients. The obtained coefficients are substituted into Equation (10), and then into Equations (2) and (5), which is the full solution to the problem.



As an example, we determined the deflection and stresses in a PCM panel of 100 × 100 mm with a symmetrical layup [0°; 90°]. Three options for the panel were considered (Figure 3):



	
sandwich panel with honeycomb filler of 4 mm high and four bearing layers of glass cloth (Figure 3a);



	
sandwich panel with honeycomb filler of 9 mm high and four bearing layers of glass cloth (Figure 3a);



	
glass cloth laminated panel with a monolayer of 0.25 mm thickness (Figure 3b).






The following PhMC of the T-10-14 glass cloth on FP-520 binder were taken in the calculation: E1 = 30.8 GPa; E2 = 25.5 GPa; G12 = 3.1 GPa; μ12 = 0.28; ρ = 1700 kg/m3; α1 = 4 × 10−6 K−1; α2 = 6 × 10−6 K−1; c = 850 J/(kg·K); λ = 0.3 W/(m·K); T = 150–160 °C; δ = 0.21 mm [43].



For the presented material, reinforcement angles, and the nature of fastening, the surface of the panel, will take the form shown in Figure 4, due to uneven heating across the thickness.



Results of the calculation are shown in Table 1, Table 2 and Table 3.



According to the resulting data, maximum values of deflections both for the laminated and sandwich panels were observed at the corners of the plate.



For the sandwich panel in the three various heating modes, there was no deflection. This can be explained by the high rigidity of the sandwich panels. However, with the increase in the rate of temperature change, such panels featured higher stresses compared to the laminated structures. With the increase in the thickness of the sandwich panel and the higher rate of temperature change, these stresses became critical and led to the failure of the adhesive joint between the honeycomb filler and bearing layers [8] or caused delamination in the bearing layers of the panels [44].




4. Experimental Research


Experimental studies have been carried out regarding the effect of rates of heating and cooling on the residual deflection of the PCM panel. 150 × 150 mm plates were taken as specimens. The specimens were made of prepreg based on T-10-14 glass cloth on FP-520 binder by manual layup on a flat mould, with a symmetric structure for the moulded package [0°; 90°; 90°; 0°].



Moulding was carried out on a flat fixture of a 10 mm thick, polished steel plate. The degreased surface of the fixture was coated with an antiadhesive layer of lubricant, on which the layers of the moulded package were successively laid according to the reinforcement pattern. The layers, arranged as above, were pressed with a roller. A vacuum cover, fixed along the perimeter with a putty yarn, was placed on the laid PCM package. The prepared package was placed under vacuum and put into the heater (Figure 5).



Moulding was carried out on a flat fixture of a 10 mm thick, polished steel plate. The degreased surface of the fixture was coated with an antiadhesive layer of lubricant, on which the layers of the moulded package were successively laid according to the reinforcement pattern. The layers, arranged as above, were pressed with a roller. A vacuum cover, fixed along the perimeter with a putty yarn, was placed on the laid PCM package. The prepared package was placed under vacuum and put into the heater (Figure 5).



On completion of the moulding process, an external examination of specimens was carried out to record visible defects, after which the specimen deflection was measured using the obtained photographs. The specimen was fixed before the lens such that the curved plate located in front of the lens was projected into a clear curve.



The specimens obtained according to moulding mode No. 1 were made according to the vacuum moulding conditions as shown on the graph (Figure 6), at a heating rate of 2.8 °C/min and a cooling rate of 3.5 °C/min. On completion of the moulding mode, the specimen (Figure 6) had a smooth surface and dense structure, with no visible defects (delamination of edges, waviness, or swelling); deflection of the resulting specimen was equal to 1.9 mm.



The specimens obtained according to moulding mode No. 2 were made as shown on the graph in Figure 6, at a heating rate of 2 °C/min and a cooling rate of 2.3 °C/min. On completion of the moulding mode, the specimen (Figure 6) had a smooth surface and dense structure, with no visible defects (delamination of edges, waviness, or swelling); deflection of the resulting specimen was equal to 0.7 mm.



The specimen obtained according to moulding mode No 3 was made as shown on the graph in Figure 7, at the heating rate of 3.6 °C/min and cooling rate of 3.5 °C/min. On completion of the moulding mode, the specimen had several visible defects, namely, delamination of edges, surface waviness and swelling areas (Figure 8). In the transverse direction we observed a zone with noticeable delamination of the upper layer from the lower one passing through the central section. The specimen deflection was equal to 2.3 mm.



The specimen obtained according to moulding mode No. 4 was made as shown on the graph in Figure 7, at a heating rate of 3.8 °C/min and a cooling rate of 2.5 °C/min. On completion of the moulding mode, the specimen had a smooth surface without swelling; however, slight delamination was observed along its edges; the deflection of the resulting specimen was equal to 2.5 mm.



The results of the experiment are presented in Table 4.



Summarizing the experimental results, we can say that with an increase in the heating rate from 2.0 to 3.8 °C/min (specimens obtained with the use of moulding modes No. 2, 1, 3, 4) the deflection increased from 0.7 to 2.5 mm. This is primarily due to stresses occurring in the heating stage, which caused the irreversible change in the panel shape.



Cooling at a higher rate led to violations in the integrity, continuity and several defects in the material (product), especially if the previous stage of the moulding process (heating stage) was carried out at a higher rate. Specimens obtained with the use of moulding modes No. 3 and No. 4 were made in the conditions of increased heating rate. For example, whereas the specimen obtained according to moulding mode No. 4 and cooled at 2.5 °C/min showed insignificant delamination of the edges, the specimen obtained with the use of moulding mode No. 3 and cooled at 3.5 °C/min, showed more severe delamination of edges, surface waviness and poor adhesion of the upper layer. Even though the amount of deflection of the No. 4 specimen was somewhat larger than that of the No. 3 specimen, a higher rate of cooling of the No. 3 specimen led to delamination of its surface. Regarding the moulded structure, high cooling rates did not lead to the occurrence of residual deflections (for symmetric structures) but caused the structure failure.



During these studies, we also obtained the dependence of panel deflection on the rate of temperature change (Table 5). Panel deflection was determined depending on the rate of temperature change for the range from 20 to 200 °C.



As can be seen from the results, the amount of panel deflection increased with the increase in the heating rate. However, with the temperature rise there was a slight increase in the amount of deflection. First, this is due to the influence of temperature on the properties of the moulded material. As is known [10,41], the elastic and strength characteristics of the material in the transverse direction become lower with an increase in temperature, while the thermal characteristics increase. In our case, growth of the values of the thermal characteristics of the material prevailed over the decrease in the elastic ones in the temperature range of 20–100 °C. As a result, deflection of the panel in the mentioned temperature range increased. However, with the further temperature rise, the decrease in elastic characteristics was more intense than the growth of thermal ones. Therefore, stiffness of the material became lower, while its compliance increased, which led to a decrease in deflection. It can be said that when the residual SSB is determined at the stage of designing a structure, and characteristics of the material are assumed constant in the operating temperature range, the value of the technological deflection (in our case) will be somewhat overestimated.




5. Results and Discussion


Comparing the theoretical and experimental results (Table 6), we can say the following. The error between the theoretical values of deflections obtained at the temperature of 20 °C (   w t  20 ° C    ) and their experimental values (we) for specimens obtained according to mode No. 2–4 were overestimated by 17–18%, and for specimen No. 1 the deflection turned out to be overestimated by 5%. The overestimation of the theoretical values of the deflection sizes is mainly due to the effect of temperature on the PhMC materials; as well as creep phenomena and relaxation processes not being considered when determining the deflections.



When the deflections were determined, considering the change in the PhMC of the material (product) depending on temperature (   w t  20 ° C    ), the error between the theoretical and experimental results for specimens No. 1–4 decreased and amounted to a maximum of 77%.



Thus, the rate of temperature change should be chosen for each specific case based on the materials used, dimensions of the structure, and the PCM reinforcement pattern. In addition, the choice of process parameters depends on the shaping surface, auxiliary equipment, and heating medium. It should be noted that uneven distribution of temperature over the thickness of the panel has practically no effect on the amount of deflection during moulding of thick-walled structures or structures of high rigidity, since stresses are the determining parameter in this case. Accuracy of stress calculation depending on thickness of the moulded material for the rates of temperature rise is shown in Figure 9.



To obtain thin-walled structures with high accuracy or contours, it is unacceptable to neglect the unevenness of the temperature field across the thickness because of deflections, which occur after removal of the product from the shaping surface. For the laminated structures under study, deflections at the rate of temperature change of more than 1–2 °C/min were not acceptable, since the allowable deflection should not exceed 1–2 mm, and for high-precision dimensionally stable structures the allowable deflection should be a maximum of 0.1 mm [2,34].




6. Conclusions and Further Research


A new method for determining the SSB depending on heating conditions and the distribution of the temperature field over the thickness of a moulded PCM package has been developed. The method establishes the relationship between moulding process parameters and the effect of the auxiliary equipment and shaping surface on the distribution of the temperature field and the SSB in the moulded product.



The rate of temperature change at the stage of heating has its effect on the amount of residual deformation of the structure. As shown by the experimental data, specimens moulded under conditions of an increased heating rate featured higher deflection than those moulded at a lower heating rate.



The error of results obtained during the numerical experiment based on the models and results of the full-scale experiment did not exceed 6.8%.



Our results enable the calculation of the residual SSB of a moulded structure with the required degree of accuracy without a series of experiments and, accordingly, significantly simplify the practical implementation of the developed method and avoid any additional production costs.



The proposed calculation pattern describes the SSB occurring in smooth panel structures, however, replacing the mathematical model for calculating the plate by another pattern for a beam, rod, or skin, will allow us, in the future, to calculate the SSB in the moulding process, considering the uneven distribution of temperature over the product thickness. It is necessary to note that calculations of the residual SSB in asymmetric structures should consider the difference between the initial and final temperatures of the moulding process, in addition to the temperature differential across the thickness of the PCM package.







Author Contributions


Conceptualization, A.K. and V.P.; methodology, O.V.; validation, P.K.; formal analysis, V.P. and P.K.; investigation, O.V.; resources, O.V.; data curation V.P., A.K.; writing—original draft preparation, O.V. and A.K.; writing—review and editing V.P. and A.K.; visualization, O.V.; supervision, O.V and A.K.; project administration, A.K. All authors have read and agreed to the published version of the manuscript.




Funding


The authors gratefully acknowledge funding from the specific research on BUT FSI-S-20-6267.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Brno University of Technology for support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rubino, F.; Nisticò, A.; Tucci, F.; Carlone, P. Marine Application of Fiber Reinforced Composites: A Review. J. Mar. Sci. Eng. 2020, 8, 26. [Google Scholar] [CrossRef]

	



Slyvynskyi, V.I.; Sanin, A.F.; Kharchenko, M.E.; Kondratyev, A.V. Thermally and dimensionally stable structures of carbon-carbon laminated composites for space applications. In Proceedings of the 65th International Astronautical Congress 2014: Our World Needs Space, Toronto, ON, Canada, September 29–3 October 2014; Volume 8, pp. 5739–5751. [Google Scholar]

	



Elfaki, I.; Abdalgadir, S. Composite sandwich structures in advanced civil engineering applications–A review. Comput. Res. Prog. Appl. Sci. Eng. 2020, 6, 259–262. [Google Scholar]

	



Ugrimov, S.; Smetankina, N.; Kravchenko, O.; Yareshchenko, V. Analysis of Laminated Composites Subjected to Impact. In Integrated Computer Technologies in Mechanical Engineering-2020. November 2020; Springer: Cham, Switzerland, 2021; Volume 188, pp. 234–246. [Google Scholar] [CrossRef]

	



Hsissou, R.; Seghiri, R.; Benzekri, Z.; Hilali, M.; Rafik, M.; Elharfi, A. Polymer composite materials: A comprehensive review. Compos. Struct. 2021, 262, 113640. [Google Scholar] [CrossRef]

	



Fomin, O.; Lovskaya, A.; Plakhtiy, A.; Nerubatsky, V. The influence of implementation of circular pipes in load-bearing structures of bodies of freight cars on their physico-mechanical properties. Sci. Bull. Nat. Mining Univ. 2017, 6, 89–96. [Google Scholar]

	



Kondratiev, A.; Slivinsky, M. Method for determining the thickness of a binder layer at its non-uniform mass transfer inside the channel of a honeycomb filler made from polymeric paper. East.-Eur. J. Enterp. Technol. 2018, 5, 42–48. [Google Scholar] [CrossRef]

	



Kondratiev, A.; Prontsevych, O. Stabilization of physical-mechanical characteristics of Honeycomb Filler based on the adjustment of technological techniques for its fabrication. East.-Eur. J. Enterp. Technol. 2018, 1, 71–77. [Google Scholar] [CrossRef]

	



Gavva, L.M.; Firsanov, V.V. Mathematical Models and Methods for Calculating the Stress-Strain State of Aircraft Panels from Composite Materials Taking into Account the Production Technology. Mechan. Solids 2020, 55, 403–412. [Google Scholar] [CrossRef]

	



Baran, I.; Cinar, K.; Ersoy, N.; Akkerman, R.; Hattel, J.H. A Review on the Mechanical Modeling of Composite Manufacturing Processes. Arch. Comput. Methods Eng. 2017, 24, 365–395. [Google Scholar] [CrossRef]

	



Kim, S.S.; Murayama, H.; Kageyama, K.; Uzawa, K.; Kanai, M. Study on the curing process for carbon/epoxy composites to reduce thermal residual stress. Compos. Part A Appl. Sci. Manuf. 2012, 43, 1197–1202. [Google Scholar] [CrossRef]

	



Boitsov, B.V.; Gavva, L.M.; Pugachev, Y.N. The Stress–Strain State of Structurally Anisotropic Panels from Composite Materials under Force and Process Temperature Exposure. Polym. Sci. Ser. D 2019, 12, 85–90. [Google Scholar] [CrossRef]

	



Tiwary, A.; Kumar, R.; Chohan, J.S. A review on characteristics of composite and advanced materials used for aerospace applications. Mater. Today Proc. 2021; in press. [Google Scholar] [CrossRef]

	



Budelmann, D.; Schmidt, C.; Meiners, D. Prepreg tack: A review of mechanisms, measurement, and manufacturing implication. Polym. Compos. 2020, 41, 3440–3458. [Google Scholar] [CrossRef]

	



Zhang, G.M.; Wang, J.H.; Ni, A.Q.; Li, S.X. Process-induced residual stress of variable-stiffness composite laminates during cure. Compos. Struct. 2018, 204, 12–21. [Google Scholar] [CrossRef]

	



Kondratiev, A.; Gaidachuk, V.; Nabokina, T.; Kovalenko, V. Determination of the influence of deflections in the thickness of a composite material on its physical and mechanical properties with a local damage to its wholeness. East.-Eur. J. Enterp. Technol. 2019, 1, 6–13. [Google Scholar] [CrossRef]

	



Carlone, P.; Rubino, F.; Paradiso, V.; Tucci, F. Multi-scale modeling and online monitoring of resin flow through dual-scale textiles in liquid composite molding processes. Int. J. Adv. Manuf. Technol. 2018, 96, 2215–2230. [Google Scholar] [CrossRef]

	



Lionetto, F.; Moscatello, A.; Totaro, G.; Raffone, M.; Maffezzoli, A. Experimental and Numerical Study of Vacuum Resin Infusion of Stiffened Carbon Fiber Reinforced Panels. Materials 2020, 13, 4800. [Google Scholar] [CrossRef]

	



Rocha, H.; Semprimoschnig, C.; Nunes, J.P. Sensors for process and structural health monitoring of aerospace composites: A review. Eng. Struct. 2021, 237, 112231. [Google Scholar] [CrossRef]

	



Karpus, V.; Ivanov, V.; Dehtiarov, I.; Zajac, J.; Kurochkina, V. Technological assurance of complex parts manufacturing. Lect. Not. Mechan. Eng. 2019, 51–61. [Google Scholar] [CrossRef]

	



Otrosh, Y.; Kovalov, A.; Semkiv, O.; Rudeshko, I.; Diven, V. Methodology remaining lifetime determination of the building structures. In Proceedings of the 7th International Scientific Conference “Reliability and Durability of Railway Transport Engineering Structures and Buildings”, Transbud-2011, Kharkiv, Ukraine, 14–16 November 2018; Volume 230, pp. 1–7. [Google Scholar] [CrossRef]

	



Fomin, O.; Gerlici, J.; Lovskaya, A.; Kravchenko, K.; Prokopenko, P.; Fomina, A.; Hauser, V. Research of the strength of the bearing structure of the flat wagon body from round pipes during transportation on the railway ferry. In Proceedings of the 10th International Scientific Conference Horizons of Railway Transport, HORT 2018, Strecno, Slovakia, 11–12 October 2018; Volume 235, pp. 1–5. [Google Scholar] [CrossRef]

	



Slyvynskyi, V.I.; Alyamovskyi, A.I.; Kondratjev, A.V.; Kharchenko, M.E. Carbon honeycomb plastic as light-weight and durable structural material. In Proceedings of the 63rd International Astronautical Congress 2012, Naples, Italy, 1–5 October 2012; Curran: Red Hook, NY, USA, 2012; Volume 8, pp. 6519–6529. [Google Scholar]

	



Tkachenko, D.; Tsegelnyk, Y.; Myntiuk, S.; Myntiuk, V. Spectral Methods Application in Problems of the Thin-walled Structures Deformation. J. Appl. Comput. Mechan. 2022, 8, 641–654. [Google Scholar] [CrossRef]

	



Suriani, M.J.; Rapi, H.Z.; Ilyas, R.A.; Petru, M.; Sapuan, S.M. Delamination and Manufacturing Defects in Natural Fiber-Reinforced Hybrid Composite: A Review. Polymers 2021, 13, 1323. [Google Scholar] [CrossRef]

	



Fedulov, B.N. Modeling of manufacturing of thermoplastic composites and residual stress prediction. Aerosp. Syst. 2018, 1, 81–86. [Google Scholar] [CrossRef]

	



Li, D.N.; Li, X.D.; Dai, J.F.; Xi, S.B. A Comparison of Curing Process-Induced Residual Stresses and Cure Shrinkage in Micro-Scale Composite Structures with Different Constitutive Laws. Appl. Compos. Mater. 2018, 25, 67–84. [Google Scholar] [CrossRef]

	



Yuan, Z.Y.; Wang, Y.J.; Yang, G.G.; Tang, A.F.; Yang, Z.C.; Li, S.J.; Li, Y.; Song, D.L. Evolution of curing residual stresses in composite using multi-scale method. Compos. Part B-Eng. 2018, 155, 49–61. [Google Scholar] [CrossRef]

	



Brauner, C.; Frerich, T.; Herrmann, A.S. Cure-dependent thermomechanical modelling of the stress relaxation behaviour of composite materials during manufacturing. J. Compos. Mater. 2017, 51, 877–898. [Google Scholar] [CrossRef]

	



Cameron, C.J.; Saseendran, S.; Stig, F.; Rouhi, M. A rapid method for simulating residual stress to enable optimization against cure induced distortion. J. Compos. Mater. 2021, 55, 3799–3812. [Google Scholar] [CrossRef]

	



Sfar Zbed, R.; Sobotka, V.; Le Corre, S. A Three-Dimensional Thermo-Chemical Characterization during the Whole Curing Cycle of a Carbon/Epoxy Prepreg. In Proceedings of the 24th International Conference on Material Forming (ESAFORM 2021), Online, 14–16 April 2021. [Google Scholar] [CrossRef]

	



Nixon-Pearson, O.J.; Belnoue, J.P.H.; Ivanov, D.S.; Potter, K.D.; Hallett, S.R. An experimental investigation of the consolidation behaviour of uncured prepregs under processing conditions. J. Compos. Mater. 2017, 51, 1911–1924. [Google Scholar] [CrossRef]

	



Kondratiev, A.; Píštěk, V.; Smovziuk, L.; Shevtsova, M.; Fomina, A.; Kučera, P.; Prokop, A. Effects of the Temperature–Time Regime of Curing of Composite Patch on Repair Process Efficiency. Polymers 2021, 13, 4342. [Google Scholar] [CrossRef] [PubMed]

	



Kondratiev, A.; Píštěk, V.; Smovziuk, L.; Shevtsova, M.; Fomina, A.; Kučera, P. Stress–strain behaviour of reparable composite panel with step–variable thickness. Polymers 2021, 13, 3830. [Google Scholar] [CrossRef]

	



Muliana, A.H. Spatial and temporal changes in physical properties of epoxy during curing and their effects on the residual stresses and properties of cured epoxy and composites. Appl. Eng. Sci. 2021, 7, 100061. [Google Scholar] [CrossRef]

	



Fernlund, G.; Rahman, N.; Courdji, R.; Bresslauer, M.; Poursartip, A.; Willden, K.; Nelson, K. Experimental and numerical study of the effect of cure cycle, tool surface, geometry, and lay-up on the dimensional fidelity of autoclave-processed composite parts. Compos. Part A-Appl. Sci. Manuf. 2002, 33, 341–351. [Google Scholar] [CrossRef]

	



Dveirin, O.Z.; Andreev, O.V.; Kondrat’ev, A.V.; Haidachuk, V.Y. Stressed State in the Vicinity of a Hole in Mechanical Joint of Composite Parts. Int. Appl. Mechan. 2021, 57, 234–247. [Google Scholar] [CrossRef]

	



Grigorenko, A.Y.; Grigorenko, Y.M.; Müller, W.H.; Vlaikov, G.G. Recent Developments in Anisotropic Heterogeneous Shell Theory: General Theory and Applications of Classical Theory-Volume 1. SpringerBriefs Cont. Mechan. 2016. [Google Scholar] [CrossRef]

	



Vasiliev, V.V.; Morozov, E.V. Chapter 3-Mechanics of Laminates. In Advanced Mechanics of Composite Materials and Structures, 4th ed.; Vasiliev, V.V., Morozov, E.V., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 191–242. [Google Scholar] [CrossRef]

	



Vasiliev, V.V.; Morozov, E.V. Chapter 5-Environmental, Special Loading, and Manufacturing Effects. In Advanced Mechanics of Composite Materials and Structures, 4th ed.; Vasiliev, V.V., Morozov, E.V., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 295–375. [Google Scholar] [CrossRef]

	



Kondratiev, A.; Píštěk, V.; Purhina, S.; Shevtsova, M.; Fomina, A.; Kučera, P. Self-Heating Mould for Composite Manufacturing. Polymers 2021, 13, 3074. [Google Scholar] [CrossRef] [PubMed]

	



Centea, T.; Grunenfelder, L.K.; Nutt, S.R. A review of out-of-autoclave prepregs-Material properties, process phenomena, and manufacturing considerations. Compos. Part A-Appl. Sci. Manuf. 2015, 70, 132–154. [Google Scholar] [CrossRef]

	



Shevtsova, M.; Smovziuk, L. Prompt Repair of Damaged Aircraft Skin Panels; National Aerospace University “Kharkiv Aviation Institute” Publ.: Kharkiv, Ukraine, 2016. [Google Scholar]

	



Birman, V.; Kardomateas, G.A. Review of current trends in research and applications of sandwich structures. Compos. Part B-Eng. 2018, 142, 221–240. [Google Scholar] [CrossRef]








[image: Polymers 14 01660 g001 550] 





Figure 1. Element of unidirectional layer of PCM in axes 1, 2, 3 related to the direction of reinforcement, and axes x, y, z. 
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Figure 2. Coordinates of layers. 
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Figure 3. Layup pattern for sandwich panel (a) and laminated panel (b). 
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Figure 4. General view of deflection of the panel with symmetric reinforcement structure because of uneven heating across the thickness. 
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Figure 5. Test bench layout: 1—thermostat (TERMOTET 04/2); 2—thermocouple; 3—shaping surface; 4—moulded PCM package; 5—SNOL 60/300 NL Curing Oven; 6—supply; 7—data recorder (computer with the special soft). 
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Figure 6. Moulding modes No. 1 and No. 2, and specimens obtained with the use of these modes. 
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Figure 7. Moulding modes No. 3 and No. 4, and specimens obtained with the use of these modes. 






Figure 7. Moulding modes No. 3 and No. 4, and specimens obtained with the use of these modes.



[image: Polymers 14 01660 g007]







[image: Polymers 14 01660 g008 550] 





Figure 8. Upper surface of the specimen obtained with the use of moulding mode No 3. 
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Figure 9. Change in maximum stresses calculated considering the rate of temperature change (νp) and thickness of moulded package: ––– νp = 2 °C/min; – – νp = 5 °C/min. 






Figure 9. Change in maximum stresses calculated considering the rate of temperature change (νp) and thickness of moulded package: ––– νp = 2 °C/min; – – νp = 5 °C/min.



[image: Polymers 14 01660 g009]







[image: Table] 





Table 1. Dependence of maximum deflection (mm) of the panel on the heating rate.
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Heating Rate, °C/min

	
PCM Package Thickness, mm




	
Sandwich Panel

	
Laminated Panel




	
5

	
10

	
1






	
3

	
0.04

	
0.019

	
3.2




	
2

	
0.03

	
0.013

	
2.1




	
1

	
0.01

	
~0.00

	
0.98
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Table 2. Dependence of maximum stresses (MPa) in the layers of sandwich panel on the heating rate.
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Heating Rate, °C/min

	
Layers




	
Panel of 5 mm Thick

	
Panel of 10 mm Thick




	
No 1

	
No 2

	
No 3

	
No 4

	
No 1

	
No 2

	
No 3

	
No 4






	
3

	
2.9

	
1

	
0.03

	
−0.1

	
13.9

	
4.3

	
−0.05

	
−0.52




	
2

	
1.9

	
0.6

	
0.02

	
−0.07

	
8.8

	
2.9

	
−0.04

	
−0.35




	
1

	
0.95

	
0.31

	
0.01

	
−0.04

	
4.7

	
1.5

	
−0.02

	
−0.1
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Table 3. Dependence of maximum stresses (MPa) in the layers of panel on the heating rate.
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Heating Rate, °C/min

	
Layers




	
No 1

	
No 2

	
No 3

	
No 4






	
3

	
0.32

	
0.08

	
0.05

	
−0.015




	
2

	
0.21

	
0.06

	
0.03

	
−0.01




	
1

	
0.11

	
0.03

	
0.02

	
−0.005
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Table 4. Processing of results of the experiment.
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	Moulding Mode
	Heating Rate,

°C/min
	Cooling Rate,

°C/min
	Deflection, mm
	Notes





	No 1

(Figure 6)
	2.8
	3.5
	1.9
	Surface is smooth, without any visible defects.



	No 2

(Figure 6)
	2.0
	2.3
	0.7
	Surface is smooth, without any visible defects.



	No 3

(Figure 7 and Figure 8)
	3.6
	3.5
	2.3
	Surface is wavy with swellings. Delamination of edges and partial delamination of the upper layer is observed.



	No 4

(Figure 7)
	3.8
	2.5
	2.5
	Surface is smooth, without any visible defects. Slight delamination is observed on edges of the specimen.
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Table 5. Dependence of deflection of the panel (150 × 150 mm) on the rate of temperature change, mm.
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Heating Rate, °C/min

	
Temperature, T, °C




	
20

	
50

	
100

	
150

	
200






	
1

	
0.21

	
0.23

	
0.23

	
0.19

	
0.13




	
2

	
0.83

	
0.89

	
0.89

	
0.75

	
0.5




	
3

	
2.14

	
2.30

	
2.30

	
1.95

	
1.30




	
4

	
3.11

	
3.35

	
3.34

	
2.83

	
1.89











[image: Table] 





Table 6. Theoretical and experimental data processing.
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	Moulding Mode
	     w e     , mm
	     w t  20 °  C    ,   mm    
	     w t  160 °  C    ,   mm    
	       w t  20 °  C    −  w e     w e    100 , %    
	       w t  160 °  C    −  w e     w e    100 ,   %    





	1
	1.9
	2.00
	1.82
	5.3
	4.2



	2
	0.7
	0.83
	0.75
	18.6
	7.1



	3
	2.3
	2.70
	2.45
	17.4
	6.5



	4
	2.5
	2.93
	2.67
	17.2
	6.8
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