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Abstract: Currently, prefabricated panel structures are typical products made of polymeric composite
materials. The integrity of the composite panels, their structure and accuracy of making a contour are
largely associated with the manifestation of residual technological stresses. The above phenomena
and associated stress-strain behaviour inevitably occur in the process of moulding of the composite
products. However, their value, nature, time of occurrence and dynamics of growth can be fully
controlled and regulated. The paper deals with the study of the effect of moulding pressure on
the quality of a composite product. A dependence is presented that allows us to determine the
time for the degassing of the polymeric composite material package at the given temperature and
pressure to obtain a monolithic and nonporous structure. It is shown that the peak of the maximum
volatile-matter yield for the considered binder types lies in the temperature range where the degree
of curing does not exceed 10%; that is, the viscosity values do not prevent the removal of volatile
fractions. The effect of moulding pressure on the values of the volume content of the reinforcing
material has been studied, and the dependence of the required thickness of the absorbent layer
on the parameters of the package of polymer composite material and pressure has been obtained.
The dependence of the required thickness of absorbent layer on the parameters of the package of
polymeric composite material and pressure has been obtained. The mathematical model developed
by us provides an opportunity to predict the stress-strain behaviour of a composite structure at any
time during the moulding process. The model is closely related to chemo-viscous and thermal models.
It allowed us to synthetize a method for choosing the rational parameters of the moulding process
(temperature, pressure, and time), materials of additional layers and equipment. The experiments
proved the presence of several defects, such as de-lamination of edges, waviness, swelling and poor
adhesion of upper layers in the specimen of the composite panel cooled stepwise in the absence of the
vacuum pressure. The surface quality of the specimen of the panel cooled stepwise under vacuum
pressure was significantly better, and no visible defects were observed. The obtained theoretical
values of deflections, considering the change in physic-mechanical characteristics that depend on
the temperature and rheonomic properties of the material, showed an error that did not exceed
7%, compared to the experimental data. Our results can be applied at the enterprises engaged in
designing and manufacturing panel structures of polymeric composite materials.
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1. Introduction

Polymeric composite materials (PCM), owing to their unique properties, are widely
used in many industries [1,2]. PCM are increasingly used in transport and power engi-
neering, construction, electronics, and manufacturing of pipes and tanks [3–5]. By now,
further improvement and expansion of the scope of application of these materials is one
of the most pressing problems [6,7]. An important role in the PCM products’ payback is
played by the energy and labour costs [8,9]. The process of moulding of a part after which it
receives a given shape and properties takes a lot of time and energy [10,11]. Currently, most
enterprises use energy-intensive and time-consuming temperature-time regimes [12,13],
and sometimes residual stresses and deformations in the resulting product [14,15] make its
further use simply unacceptable [16,17].

The process of moulding of PCM products cannot be completely modelled [18,19].
It is due to the complexity of the mathematical description of the processes that occur in
the moulded PCM, as well as the necessity to consider their mutual influence (Figure 1).
Therefore, the moulding of a composite product is usually considered with the use of several
models describing the processes in the moulded material, such as chemo-viscous [20–25],
thermal [26–30] and force [31–36] models. Mathematically, these processes are described
independently of each other, and their mutual influence is considered as follows. The results
obtained for one model represent the initial data to make calculations for the other one. For
example, the link between the chemo-viscous model and the model of thermal action is
the rate of temperature rise [25,28], while viscoelastic and viscous-flow characteristics at
the time when pressure is applied and temperature change [19,29] represent the relation
between the chemo-viscous model and the model of force action [37,38].
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The chemical and physical processes that occur in the moulded material in the pro-
cess of curing are described in [22,23]. The problems of chemical transformations in the
binder and release of volatile products are solved, and the shrinkage processes are con-
sidered. Nevertheless, the impact of temperature on the characteristics of the material
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in the process of curing is not considered, and the influence of the dimensions and ge-
ometry of the product and moulding equipment is not analyzed. In recent years, studies
related to the online monitoring of the process of impregnation of reinforcing material
in the curing process have been conducted [20,21,39]. The results of the studies allowed
for the simulating, controlling, and regulating of the curing process at the initial stage of
moulding. However, the occurrence of the thermal stress-strain behaviour at subsequent
stages was not considered. The phenomena of relaxation and creep that occurred in the
composite at the stage of temperature holding and cooling were discussed in [24,27], but
distribution of the thermal field in the process of curing was not studied in these papers.
Temperature phenomena also participate in the occurrence of stresses and deformations at
the stage of heating, along with shrinkage, according to [25]. It is shown that temperature
stresses become comparable with shrinkage stresses upon reaching the material viscosity
corresponding to 60 ... 70% conversion in the binder. The papers [28,29] describing the
occurrence of stress-strain behaviour at the stage of PCM heating to the polymerization
temperature based on experimental studies are of some interest. One of the primary issues
in the modelling of the curing process is to determine the model for changing the degree of
curing, and hence the viscosity in the composite at the stage of its transition from viscous
flow to solid state [37,38]. However, these papers do not address the problems associated
with the supply of additional heat to the composite, and they do not consider the influence
of geometric parameters of the product and equipment. A particular case of the composite
curing by the autoclave method is studied in [31]. In the process of the work with prepregs,
the issues of optimal technological modes ensuring their regulated quality are solved [32].
In addition, the modes of technological processes are ambiguously harmonized with each
other. Detailed consideration of these methods in the future allows us to project the results
onto other methods or to generalize. The papers [12,33] deal with the nature, mechanism
of occurrence and mode of technological defects, but the impacts of excessive pressure of
the curing process and the processes of relaxation of stresses and creep are not considered.
The technological modes of PKM moulding were experimentally investigated in [34]. The
studies allowed for the increasing of the PCM strength by 25–35%. However, the results
can be used only for a narrow class of fluoroplastic materials and quartz fabric. The process
of moulding in [40,41] was modelled for the binder only; the influence of the reinforcing
material was not considered, and the issues of cooling, rheology, and changes in the char-
acteristics of PCM components that depend on the temperature were not addressed. The
approach to the application of the principles of computer-aided design for choosing the
optimal design-and-technological parameters in the moulding of PCM with the use of
ultrasonic treatment has been developed in [42].

The moulding models proposed in [19,35,36] are of particular interest. The authors
of these papers propose not only to solve the problem of choosing the rational process
parameters of the moulding mode, but also to control pre-set parameters. The Newtonian
fluid, flowing from a plane located between two rigid plates compressed by pressure and
approaching at a certain speed, was taken as a model. However, the presented approach
does not consider the binder flow into the absorbent layer. That is, the binder is not removed
from the moulded material, but it only fills the voids in the PCM. In most cases, this nature
of the flow leads to the uneven distribution of the binder in the moulded material, with the
observed increase in the binder content in the edge zone [43,44].

The presented review shows several important theoretical and experimental studies,
which were conducted to determine and reveal the patterns of physical and chemical
processes during PCM product moulding. However, all these studies covered only the
individual stages of the moulding process; the results were scattered, and stress-strain
behaviour of the structure that occurs during its manufacture was not considered in many
cases. Almost all the papers do not pay due attention to the determination of moulding
pressure, although this parameter of the moulding process is one of the principal ones.
Moulding pressure regulates the volume content of the reinforcing material and ensures
the uniformity, degassing, and possible reduction in the residual stress-strain behaviour.
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The creation of a method for choosing the rational parameters of the moulding process
(temperature, pressure, and time), materials of additional layers and equipment will allow
us to predict the stress-strain behaviour of the composite structure at any time and at
any point of the moulded material, even before the moulding begins. Moreover, the
reduction in the cost of PCM products, which is an urgent task today, is to a certain extent
associated with the minimization of high energy costs and time input inherent in moulding
processes [19,45].

2. Materials and Methods

A study of the effect of pressure of the moulding process on the quality of a composite
product was carried out based on the linear theory of thermoelasticity of anisotropic bodies.
The technological choice of the level of moulding pressure was determined by the conditions
for obtaining and maintaining the given structural parameters of PCM, which are as follows:
regulated content of the reinforcing material in the structure, its solidity (absence of porosity
in the material), as well as the given geometry. The solution to the force problem was
reduced to determining the moment of time and magnitude of applied/released moulding
pressure. At the first stage of the study, an analytical dependence was obtained to define
the process parameters (pressure, time) providing a nonporous PCM structure. To reduce
the PCM porosity, the process parameters (temperature, time and pressure) were selected
in such a way that the maximum amount of volatile reaction products was released at the
lowest viscosity of the curing binder. Furthermore, at the initial stage, with the lowest
viscosity of the binder, the moulding pressure included the vacuum pressure only. We used
the experimental data obtained earlier in [19,28,36] for the relative mass of the volatile-
matter yield for prepregs based on phenol-formaldehyde binder BFOS, epoxy-phenol
binder 5-211-B, epoxy binder ENFB (producer: Federal State Unitary Enterprise All-Russian
Scientific Research Institute of Aviation Material, Russian Federation) and phenol binder
LBS-4 (producer: TD Holding Company “FEM”, Russian Federation) depending on the
temperature and time of holding at this temperature. The resulting dependence was used
to determine the temperature and time of the degassing process start and duration. At
the next stage, the analytical dependence for the determination of the required pressure
from the condition of achieving the regulated PCM volume content, and pre-set geometric
parameters of the composite product, was obtained. The moment of time when the binder
viscosity was close to minimum, and the yield of the volatile fractions already exceeded the
maximum value was considered the initiation of the application of the pressure. The model
fluid filtration in a porous medium, which is described by Darcy’s law in a one-dimensional
setting [19,36], was adopted as a model, describing the process of binder flow in the PCM
package. It was assumed that permeability of the medium was a function of the porosity,
volume content of the reinforcing material (in case of laminated material), fibre diameter,
angle of reinforcement and type of weaving of the material. The presented dependence
allowed us to unambiguously determine the dependence of the moulding pressure on the
binder viscosity and the temperature at which the pressure was applied, the structure of
both the moulded PCM package and absorbent layer. At the cooling stage, the required
pressure was determined from the conditions that would compensate for the stresses
arising in the material at the stage of cooling, and thereby ensure their relaxation without
an increase in deformations (creep). The value of the required pressure was determined
according to the calculation model of a rod on the elastic foundation and the known
dependencies obtained in [36]. Because it is rather difficult to implement a variable pressure
in the plane from the technological point of view, the value of the moulding pressure was
assumed to be constant. It corresponded to the maximum deflection of the moulded
composite panel. Experimental studies were carried out in the laboratory conditions using
the standard equipment, instruments, and fixtures (thermostat TERMOTET 04/2, SNOL
60/300 NL curing oven, computer with the special soft). The kinetics of the PCM moulding
process was studied based on the experimental data obtained by the standard methods of
chemical and electro-physical analysis. The experimental studies of the influence of several
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factors (rates of heating and cooling, moulding pressure, and time) on the residual deflection
of the PCM panel were carried out 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”,
Republic of Belarus) on an FP-520 (producer: Federal State Unitary Enterprise All-Russian
Scientific Research Institute of Aviation Material, Russian Federation) binder by manual
layup onto the flat mould. The relative volume content of the binder in the prepreg was
53 ± 5%. The moulded PCM package was of 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.
Theoretical and experimental studies allowed us to develop a method for determining the
rational parameters (pressure, time) of the moulding process.

3. Theoretical Background

The technological choice of the level of moulding pressure is determined by the
conditions for obtaining and maintaining the given structural parameters of PCM, which
are as follows: regulated content of the reinforcing material in the structure, its solidity
(absence of porosity in the material), as well as the given geometry [18,19].

To ensure the geometry of the structure and regulated content of the reinforcing
material in it, it is necessary to deform the workpiece accordingly. Irreversibility of the
deformation is provided by removal of excess binder from the workpiece into absorbent
layers of auxiliary equipment, or by uniform spreading of the binder and filling of vthe
oids. After the removal of excess binder and compaction of the material, the deformed
state of the workpiece should correspond to the product shape. In this case, a solution
to the force problem is reduced to determining the moment of time and magnitude of
applied/released moulding pressure. This solution is closely related to solving chemo-
viscous and thermal problems, since the applied pressure will guarantee the specified
volume content of the reinforcing material, geometry, and solidity of the product. The
moment of application of the moulding pressure is associated with the change in viscosity
of the material and removal of volatile products; therefore, it can be determined only after
solving the chemo-viscous problem.

One of the main defects of the finished product is the non-uniform structure of the
matrix [46]. Non-uniformity is often caused by the incomplete removal of the volatile
fractions contained in solvents or partial removal of polycondensation products. The
structure of the volatiles are solvents in the gaseous phase, and in some cases, they are
also low molecular weight polycondensation products, such as water molecules. The low
molecular weight fraction, as well as the solvent, are removed as a rule at the stage of
vacuum [30]. The volatile products begin to form intensively after the gelation point [28,45],
and the conditions leading to the formation of a porous structure may arise. In the first case,
the porosity of the material may occur at the vacuumizing stage. Here, the viscosity of the
binder is low, and the pressure of the volatile products dissolved in the curing polymer will
be less than the external pressure. Removal of the volatile fractions will be prevented by
the external pressure, causing the formation of a porous structure in the moulded material,
which worsens its physic-mechanical properties. In the second case, pores in the moulded
material may appear when the binder reaches high viscosity at the pressure of the volatile
fractions exceeding the external one. This situation is typical for processes with the rapid
change in viscosity. In this case, due to the high viscosity of the binder and high pressure
of the volatile fractions, the material boils up with the formation of a spongy structure.

Therefore, to reduce the PCM porosity, it is necessary to choose the process parameters
(temperature, time, pressure) in such a way that the maximum amount of volatile reaction
products is released at the lowest viscosity of the curing binder. At the initial stage, with the
lowest viscosity of the binder, the moulding pressure should include the vacuum pressure
only. This vacuum pressure helps to remove volatile fractions from the binder. An example
of the dependence of volatile matter yield on the rate of temperature rise in the process of
curing is given in (Table 1) [19,28,36].
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Table 1. Dependence of volatile-matter yield (%) on the rate of temperature rise in the process
of curing.

Rate,
◦C/min

Binder

BFOS 5-211-B ENFB LBS-4

0.5 76.4 42.00 39.78 44.15
1.0 76.2 41.55 40.16 43.15
1.5 76.1 40.25 39.70 43.10
2.0 76.06 39.85 39.78 42.60
2.5 74.88 40.37 39.30 41.07
3.0 73.28 37.50 39.00 38.08

The holding time depends on the mass of volatile fractions in the moulded PCM
package and the rate of their release. The holding time is defined as follows:

τv =
mv

vv
, (1)

where mv is the mass of the volatile-matter yield; vv is the rate of release of the volatile matter.
Figure 2 [19,28,36] shows the data on the relative mass of the volatile-matter yield

for prepregs based on LBS-4 and ENFB binders depending on the temperature and time
of holding at this temperature. From the presented data, we can observe the following.
The peak of the maximum volatile-matter yield for these binders lies in the temperature
range in which the degree of curing does not exceed 10%. Consequently, the viscosity value
remains virtually unchanged, which means it will not prevent the release of volatiles from
the binder.
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ture for LBS-4 (a) and ENFB binders (b).

At lower temperatures, the reaction rate is low; therefore, fewer volatile products
are released. At higher temperatures, with the reaction rate increase, the viscosity of the
substance also increases; as a result, volatile matter remains inside the binder, forming the
porous structure of the material [8,10].

To ensure the geometry of the structure and regulated content of the reinforcing
material therein, it is necessary to deform the workpiece accordingly. Irreversibility of
the deformation is provided by the removal of excess binder from the workpiece into the
absorbent layers of the auxiliary equipment, or by uniform spreading of the binder and
filling of the voids. After the removal of excess binder and compaction of the material, the
deformed state of the workpiece should correspond to the product shape. At the same
time, it is important to create the conditions in the moulded material (product) where the
liquid will only move along the normal to the outer/inner contour, until the pressure in
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the absorbent layer and the moulded PCM package is equalized. Otherwise, movement
of the binder over the volume of the moulded PCM package begins, causing its uneven
distribution [47].

We consider the beginning of the pressure application to be the time when the binder
viscosity is close to the minimum, and the yield of the volatile fractions already exceeds
the maximum value. The model fluid filtration in a porous medium, which is described
by Darcy’s law in a one-dimensional setting (Figure 3) [19,36], is adopted as a model,
describing the process of binder flow in the PCM package.
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The expression for the moulding pressure is written as

q = −K
µ

dP
dx

, (2)

where K is the permeability of the medium; µ is the viscosity.
Permeability of the medium is a function of porosity, volume content of the reinforcing

material (in case of laminated material), fibre diameter, angle of reinforcement and type of
material weaving. It is defined by the following relationship:

K = −d2

k0

(1 − Θr)
3

Θ2
r

, (3)

where d is the fibre diameter; k0 is the empirical coefficient considering the reinforcing
material structure; Θr is the volume content of the reinforcing material.

Coefficient k0 will be different for each type of weaving and reinforcing angle. For a
unidirectional material in the longitudinal direction, k0 is equal to 0.5 . . . 0.7, for the same
material in the transverse direction k0 = 11; for the woven material and mat, k0 takes the
value of 5.5 [36].

The viscosity of the binder depends on the degree of curing. At the initial stage of
heating of the material, when the binder softens, viscosity of the material decreases. At
the gelation point, a liquid stops flowing due to crosslinking and the viscosity approaches
infinity. However, after reaching the gelation temperature, the viscosity value begins
to increase.

Equation (2) is rewritten in the integral form as the following two equalities:

• Pressure in the absorbent layer

qeq =
Keq

µ(η, t)

(
p0 − peq

)
heq

, (4)
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• Pressure in PCM

qcm =
Kcm

µ(η, t)

(
peq − pcm

)
hcm

, (5)

where Kcm, Keq are the permeability of the moulded PCM package and auxiliary
equipment, respectively; hcm is the thickness of the layers of the PCM package with
the regulated content of the binder; heq is the thickness of the auxiliary equipment
with the binder; p0, pcm, peq are the applied pressure, pressure in the PCM layers and
pressure in the auxiliary equipment, respectively.

Change in the PCM volume is defined from the continuity equation, which is as follows:

− d(hS)
dt

= Sqeq = Sqcm, (6)

where S is the PCM package surface area; h is the total thickness of the PCM package.
Pressure is related to the applied load by the following relationship:

p0 =
F
S
+ pa, (7)

where F is the applied force; pa is the atmospheric pressure.
After substitution of expressions Equations (6) and (7) into Equation (5), we obtain the

dependence of the change in the PCM volume over time, which is as follows:

− d(hS)
dt

=
KeqKcmF

µ(η, t)
(
Keqhcm + Kcmheq

) (8)

With the area of the moulded composite product being constant, the required pressure
is defined as follows:

p0 =
µ(η, t)

(
Keqhcm + Kcmheq

)
KeqKcm

dh
dt

− pa. (9)

Using the dependence (9), we can determine the time of application of the pressure
until a structure with the given volume content is obtained. In addition, the presented
relation unambiguously determines the dependence of the moulding pressure on the
viscosity of the binder and the temperature at which pressure is applied, as well as the
structure of both the moulded PCM package and the absorbent layer.

At the stage of cooling of the composite construction, when the process of formation
of the PCM structure is almost complete, it is necessary to fix the obtained characteristics.
Characteristics at the stage under consideration can be fixed with the use of process
parameters, such as the rate of temperature change, stepwise cooling of the product and
the required pressure. Fixation of the obtained product characteristics by the cooling rate
will lead to a delay in the process and additional costs, and implementation of stepwise
cooling, in some cases, can aggravate the situation because of the material creep [19,20,36].
Therefore, it is advisable to carry out the cooling stage at a certain required pressure to
compensate for the emerging stresses in the material at the cooling stage, and thereby
ensure their relaxation without an increase in deformations (creep).

The value of the required pressure is determined by a well-known method and depen-
dencies (Figure 4) [36,48].
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In this case, the calculated dependence of the required pressure is as follows:

p0 = −wmaxβ3D·ch(βx)cos(βx), (10)

where wmax is the maximum deflection of the panel; D is the cylindrical rigidity of the panel
in the given direction; k is the coefficient of stiffness of the base; β = 4

√
k

4(EI)cm
; (EI)cm is

the bending stiffness of the panel in the given direction.
Since it is rather difficult to implement a variable pressure in the plane from the tech-

nological point of view, the value of the pressure is assumed to be constant. Furthermore,
it will correspond to the maximum deflection of the panel. In this case, the value of the
required pressure may be somewhat overestimated in some areas, possibly causing the
deformation of fibres of the reinforcing material and change in specified characteristics of
the product. In addition, it may also lead to additional energy costs.

4. Experimental Research

The effect of moulding modes on the residual deflection of the panel of PCM was
studied experimentally. Specimens of plates of 150 × 150 mm were made of prepreg
based on T-10-14 glass cloth on a FP-520 binder by manual layup onto the flat mould. The
moulded PCM package is of symmetrical structure (0◦; 90◦; 90◦; 0◦). Physic-mechanical
characteristics of the material were as follows: elastic modulus in the longitudinal direction
E1 = 30.8 GPa; elastic modulus in the transverse direction E2 = 25.5 GPa; shear modulus in
the plane of the material G12 = 3.1 GPa; Poisson’s ratio µ12 = 0.28; density ρ = 1700 kg/m3;
coefficient of linear thermal expansion in the longitudinal direction α1 = 4 · 10−6 K−1;
coefficient of linear thermal expansion in the transverse direction α2 = 6 · 10−6 K−1; specific
heat capacity c = 850 J/(kg·K); thermal conductivity coefficient λ = 0.3 W/(m·K); monolayer
thickness 0.21 mm.

Shaping was performed on the flat fixture that represented a polished steel plate of 10
mm thick. The degreased surface of the fixture was coated with an antiadhesive layer of
K-21 lubricant, on which the layers of the moulded PCM package were successively laid
according to the reinforcement pattern. The layers arranged as above were pressed with a
roller; vacuum cover fixed along the perimeter with a putty yarn was placed on the laid
PCM package. The prepared package was vacuumized and put into the heater (Figure 5).

Upon completion of the moulding process, an external examination of the specimens
was carried out with the recording of visible defects. After that, the specimen deflection
was measured using the obtained 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.

The specimen of the glass-fibre reinforced plastic panel produced by the moulding
mode No. 1 was moulded as shown on the graph (Figure 6).

The heating rate was 3.7 ◦C/min; the specimen was cooled in the following two stages:

• Cooling to the temperature of 130 ◦C at the rate of 1 ◦C/min.
• Isothermal holding at the temperature of 130 ◦C for 60 min.
• Cooling to the temperature of 90 ◦C at the rate of 0.7 ◦C/min.
• Isothermal holding at the temperature of 90 ◦C for 45 min.
• Cooling to the final temperature at the rate of 3.7 ◦C/min.
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Figure 6. Moulding modes No 1 and No 2 and glass-fibre reinforced plastic specimens obtained by
these modes.

It should be noted that there was no vacuum pressure at the cooling stage.
The specimen obtained by moulding mode No 2 was moulded according to mode No 1;

however, the vacuum pressure was removed only after the completion of the moulding
process (Figure 6).

The external comparison of the specimens moulded according to the considered modes
is shown in Figure 7.
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The results of the experiment are presented in Table 2.

Table 2. Processing of results of the experiment.

Moulding
Mode

Heating Rate,
◦C/min

Cooling Rate,
◦C/min Deflection, mm Notes

No 1 3.7 1; 0.7; 3.7 3

There is no vacuum pressure at the cooling stage.
Surface is wavy with swellings. Significant

delamination of edges and delamination of the upper
layer is observed.

No 2 3.7 1; 0.7; 3.7 1.8 Surface is smooth, without any visible defects.

The specimen obtained during the moulding mode (Figure 7a) had several visible
defects, namely the severe delamination of edges, poor adhesion of upper layers, surface
with waviness and swelling areas. In the transverse direction, an area with the noticeable
delamination of the upper layer from the adjacent one passed through the central part. The
specimen deflection was equal to 3 mm. In contrast to the specimen obtained by moulding
mode No 1, no defects were observed on the surface of specimen obtained by moulding
mode No 2 (Figure 7b). The specimen obtained with the use of the moulding mode had a
smooth surface, dense structure, and no visible defects (delamination of edges, waviness,
swelling) were observed; deflection of the resulting specimen was 1.8 mm.

5. Results and Discussion

We considered the moulded composite panel with the surface area of 100 × 100 mm,
with T-10-80 glass cloth used as the product material, LBS-4 binder, specified thickness of
the moulded package 1.5 mm, monolayer thickness 0.15 mm, structure (±45◦), volume
content of the reinforcing material in the finished product Θr = 0.7, initial thickness of
the moulded PCM package 1.7 mm, pressure supply temperature 100 ◦C, and viscosity
of the binder of 6.7 Pa·s at the temperature of 100 ◦C. After analysis of the dependence
of Equation (9), we can say that with the increase in the binder viscosity, the value of the
required moulding pressure also increases. Moreover, it is the linear dependence as can
be observed from Equation (9). With the increase in the value of the volume content and
thickness of the moulded product (Figure 8), the value of the required moulding pressure
also increases.

This is because the reinforcing material prevents free flowing of the binder over the
volume of the moulded PCM package, as well as into the absorbent layer. It should be
noted that thickness of the absorbent layer heq cannot be less than the specified value. At
the same time, it depends on the initial and final volume content of the reinforcing material
in the PCM and the moulding pressure, and can be determined at the stage of development
of the moulding as the following equation:

heq =
Keq

Kcm

[
(p0 + pa)τKcm − µ(η, t)h2

cm
]

µ(η, t)hcm
. (11)
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The thickness of the absorbent layer being less than the value obtained according to
Equation (11) leads to the saturation of the absorbent layer. After that, the binder begins to
redistribute over the volume of the moulded material, which can result in the formation of
discrete areas with high contents of the binder [9,46].

Consequently, to determine the required moulding pressure during heating, we can
use the developed model Equation (9) as the model describing the conditions for application
of pressure, depending on the geometric parameters of the materials included in the
composition, as well as the changes in the viscosity of the binder during moulding. In
addition, dependence Equation (9) allows us to choose the geometric parameters of the
absorbent layer, as well as its structure.

After the comparison of the results obtained experimentally and theoretically, we can
conclude the following. The error between the theoretical values of deflections obtained
at the temperature of 20 ◦C w20 ◦C

t and experimental values of deflections (we) for the
specimen obtained by the mode No 2 is overestimated by 36% (Table 3). For the specimen
obtained by the mode No 1, the deflection value turned out to be underestimated by 6.5%.
Overestimation of the theoretical value of deflection is primarily due to neglecting the
temperature dependence of the PCM physic-mechanical characteristics, as well as the
influence of creep and relaxation.

Table 3. Theoretical and experimental data processing.

Moulding
Mode

we,
mm

w20 ◦C
t ,

mm
w160 ◦C

t ,
mm

wR
t ,

mm
w20 ◦C

t −we
we

100% w160 ◦C
t −we

we
100% wR

t −we
we

100%

1 3 2.82 2.57 3.08 6.4 16.7 2.7
2 1.8 2.82 2.57 1.72 36.2 30.0 4.2

In case when the deflections were determined considering the change in the PCM
physic-mechanical characteristics that depend on the temperature w160 ◦C

t [36,45], error
values of the theoretical and experimental results for specimens No 1 and No 2 were 16.7
and 30%, respectively. A high error value in this case can be explained by stepwise cooling
during the experiment; it allowed for the realizing of the unrecorded rheonomic properties
of the material.

Determination of the theoretical values of deflections for the specimens was also per-
formed based on the change in characteristics, considering the rheonomic properties [36,45].
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For the specimen moulded by the mode No 1, the deflection was determined taking the
creep into account, and for that moulded by the mode No 2, the relaxation according to
known dependences [36,49] was considered. In this case, errors of the theoretical values of
deflections (wR

t ) and experimental values for the specimens moulded by the modes No 1
and No 2 were 2.7% and 4.2%, respectively.

Theoretical and experimental studies allowed us to develop a method for the de-
termination of the rational process parameters (pressure, time) of the moulding process
(Figure 9).

Polymers 2022, 14, x FOR PEER REVIEW 13 of 17 
 

 

and 30%, respectively. A high error value in this case can be explained by stepwise cooling 
during the experiment; it allowed for the realizing of the unrecorded rheonomic proper-
ties of the material. 

Table 3. Theoretical and experimental data processing. 

Moulding 
Mode 

𝒘𝒆, 
mm 

𝒘𝒕𝟐𝟎°С, 
mm 

𝒘𝒕𝟏𝟔𝟎°С, 
mm 

𝒘𝒕𝑹, 
mm 

𝒘𝒕𝟐𝟎°С − 𝒘𝒆𝒘𝒆 𝟏𝟎𝟎
% 

𝒘𝒕𝟏𝟔𝟎°С − 𝒘𝒆𝒘𝒆 𝟏𝟎
% 

𝒘𝒕𝐑 − 𝒘𝒆𝒘𝒆 𝟏𝟎𝟎 

% 
1 3 2.82 2.57 3.08 6.4 16.7 2.7 
2 1.8 2.82 2.57 1.72 36.2 30.0 4.2 

Determination of the theoretical values of deflections for the specimens was also per-
formed based on the change in characteristics, considering the rheonomic properties 
[36,45]. For the specimen moulded by the mode No 1, the deflection was determined tak-
ing the creep into account, and for that moulded by the mode No 2, the relaxation accord-
ing to known dependences [36,49] was considered. In this case, errors of the theoretical 
values of deflections (𝑤௧𝑅) and experimental values for the specimens moulded by the 
modes No 1 and No 2 were 2.7% and 4.2%, respectively. 

Theoretical and experimental studies allowed us to develop a method for the deter-
mination of the rational process parameters (pressure, time) of the moulding process (Fig-
ure 9). 

 
Figure 9. Schematic diagram of the method for the determination of the rational process parameters 
(pressure, time) of the moulding process. 

At the initial stage, the input parameters are set, such as PCM characteristics (physic-
mechanical characteristics, structure, and thickness), characteristics of the equipment and 
range of possible moulding pressure values. Then, the following steps are carried out: 
1. Following the technique described in [28,45], the degree of binder curing in the tem-

perature-time range of the moulding process and viscosity depending on the degree 
of curing of the material are determined. 

2. The time and pressure are calculated from the condition of the maximum vola-tile-
matter yield of the binder. The degassing time of the PCM package is determined by 
the formula (Equation (1)). 

3. The value of the required moulding pressure is determined depending on the char-
acteristics of the auxiliary layers, moulded material and reaching of a certain degree 
of volume content of the reinforcing material. The required moulding pressure is de-
termined from the condition of obtaining a structure with the given volume content 
of the components according to formula (9). 

4. The required moulding pressure is determined from the condition of the structure 
fixation (Equation (10)). 

5. If the difference in pressure values obtained in paragraphs 2–4 does not exceed 10%, 
then the required pressure is chosen as the maximum of those obtained. 

Figure 9. Schematic diagram of the method for the determination of the rational process parameters
(pressure, time) of the moulding process.

At the initial stage, the input parameters are set, such as PCM characteristics (physic-
mechanical characteristics, structure, and thickness), characteristics of the equipment and
range of possible moulding pressure values. Then, the following steps are carried out:

1. Following the technique described in [28,45], the degree of binder curing in the
temperature-time range of the moulding process and viscosity depending on the
degree of curing of the material are determined.

2. The time and pressure are calculated from the condition of the maximum vola-tile-
matter yield of the binder. The degassing time of the PCM package is determined by
the formula (Equation (1)).

3. The value of the required moulding pressure is determined depending on the char-
acteristics of the auxiliary layers, moulded material and reaching of a certain degree
of volume content of the reinforcing material. The required moulding pressure is
determined from the condition of obtaining a structure with the given volume content
of the components according to formula (9).

4. The required moulding pressure is determined from the condition of the structure
fixation (Equation (10)).

5. If the difference in pressure values obtained in paragraphs 2–4 does not exceed 10%,
then the required pressure is chosen as the maximum of those obtained.

6. If the obtained pressure values in paragraphs 2–4 differ significantly from each other,
the specific value is taken for each section.

7. The time of the moulding pressure release will be the time of the moulding process
completion.

The results of the implementation of the developed method are shown in Figure 10.
Comparing the results, we can conclude the following. At a 1 ◦C/min rate of change in

the temperature of the PCM and the panel, the pressure value of the entire moulding process
can be taken constant, being equal to 0.25 MPa (Figure 10a). In this case, the moulding time
is reduced by 23% and consumed energy by 28%. If the rate of temperature change during
the heating and cooling stages is 2 ◦C/min, the moulding pressure should first be raised to
0.25 MPa, and after the degassing stage, it is increased to 0.5 MPa (Figure 10b), and 34% of
time and 32% of energy can be saved. For the mode of panel moulding at the temperature
change of 3 ◦C/min, the pressure supply mode is the same as the mode implemented at
the rate of 2 ◦C/min, but the required pressure after degassing should be at least 0.8 MPa
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(Figure 10c). Here, the time of moulding will increase by 2%, and consumed energy will
decrease by 1%. At the stage of cooling of the composite structure, when the process of
PCM structure moulding is almost completed, stepwise cooling of the product and stepwise
pressure reduction were implemented to fix the obtained characteristics (Figure 10d). It
allowed us to provide the additional relaxation of the PCM panel without an increase in its
deformations. The time of moulding compared to the standard moulding mode is reduced
by 9%, and consumed energy by 12%.
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implemented at the rate of 2 °C/min, but the required pressure after degassing should be 
at least 0.8 MPa (Figure 10c). Here, the time of moulding will increase by 2%, and con-
sumed energy will decrease by 1%. At the stage of cooling of the composite structure, 
when the process of PCM structure moulding is almost completed, stepwise cooling of 
the product and stepwise pressure reduction were implemented to fix the obtained char-
acteristics (Figure 10d). It allowed us to provide the additional relaxation of the PCM 
panel without an increase in its deformations. The time of moulding compared to the 
standard moulding mode is reduced by 9%, and consumed energy by 12%. 

Figure 10. Mode of moulding of glass-fibre reinforced plastic panels (150 × 150 mm) at different
heating and cooling rates: (a) 1 ◦C/min; (b) 2 ◦C/min; (c) 3 ◦C/min; (d) stepwise cooling, ——
proposed moulding temperature; – – – standard moulding temperature; —— proposed moulding
pressure; – – – – standard moulding pressure; ∆t, ∆E—time and energy saving compared to the
standard moulding mode.

6. Conclusions and Further Research

In this research, the following results were obtained:
The analytical dependence has been obtained, which allowed us to determine the

process parameters (pressure, time), which ensure the nonporous structure of PCM. This
dependence is used to determine the temperature and time of the degassing process start
and duration.

In addition, the analytical dependence has been obtained for determining the re-
quired pressure from the condition of achieving the regulated volume content of PCM,
as well as the specified geometric parameters of the composite product. The proposed
dependence considers the mutual influence of the parameters of the auxiliary equipment
and the moulded material and its structure (layup angle and type of weaving).

The approach is proposed to determine the parameters of the absorbent layer from the
condition of reaching the given volume content in the PCM package.
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The method has been developed to determine the rational process parameters (pres-
sure, time), which ensure the achievement of the uniform nonporous structure of the given
geometry. A clear relationship has been established between the parameters of the mould-
ing process (pressure, time) and characteristics of the moulded material, depending on the
temperature and time.

The experimental results indicate that the moulding process should be carried out in
the presence of pressure. The experiments proved the presence of several defects, such as
the delamination of edges, waviness, swelling and poor adhesion of upper layers in the
specimen of the composite panel cooled stepwise in the absence of the vacuum pressure.
The surface quality of the specimen of the panel cooled stepwise under vacuum pressure
was significantly better, and no visible defects were observed. The obtained theoretical val-
ues of deflections, considering the change in physic-mechanical characteristics depending
on the temperature and rheonomic properties of the material, showed an error that did not
exceed 7%, compared to the experimental data.

The results of the work can be applied at the enterprises engaged in designing and
manufacturing panel structures of PCM.
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