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INTRODUCTION

A composite is a material consisting of two 
or more chemically and physically different com-
ponents that are combined in such a way as to 
exhibit better properties than when they are sepa-
rate. Composite materials expand the possibilities 
for designers in all branches of engineering [17, 
25, 26]. This family of synthesized materials of-
fers a possibility of new solutions to difficult en-
gineering problems. Materials are combined in a 
way to make the most of their advantages while 
minimizing their disadvantages [3, 5]. This al-
lows constructors to use more durable and lighter 

materials, the properties of which can be tailored 
to specific design requirements. Furthermore, due 
to the ease of manufacturing complex shapes, this 
can lead to cheaper and more efficient solutions 
[13]. Composites are produced by a variety of 
methods, and the most commonly used ones in 
industry include the hydraulic press method, the 
vacuum bag method and the infusion method [1].

The method of composites manufacturing us-
ing a vacuum bag uses atmospheric pressure as 
a medium maintaining pressure until the resin 
hardens. This process combines elements of the 
contact technique (manual percolation of fibers) 
with forming using negative pressure. 
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In practice, subsequent reinforcing layers are 
percolated with resin mixed with a hardener, then 
a layer of delamination fabric, perforated foil and 
a drainage fabric are laid on them. The semi-fin-
ished product prepared in this way is sealed in a 
vacuum bag, to which an air extraction system is 
connected. Sucking out the air and maintaining a 
constant negative pressure allows the atmospher-
ic air surrounding the bag to exert pressure evenly 
over the entire surface of the laminate. This meth-
od is very universal, cheap and leads to obtaining 
materials of medium strength.

The technique using a hydraulic press allows 
for obtaining high smoothness of both surfaces, 
as well as a very good ratio of the amount of re-
inforcement to the amount of matrix. Most of-
ten, the composite production process using this 
method is carried out by placing suitably satu-
rated reinforcement layers in a mold and press-
ing under an appropriately high pressure. In or-
der to improve the quality of the product, molds 
equipped with heating systems and venting chan-
nels are very often used. The hydraulic press al-
lows for very precise and efficient production of 
composites. The quality of the products obtained 
by this method predisposes it for serial produc-
tion (but only simple shapes elements). What is 
more, it also provides the possibility of repairing 
composite structures, which makes it a method of 
wide application [28].

The vacuum infusion method, used in com-
posite manufacturing, uses the pressure differ-
ence, between the closed mould and atmospheric 
pressure, as the driving force to infuse the resin 
mixture (resin mixed with hardener) into the 
mould and further press the composite into the 
mould [16, 24]. This process significantly in-
creases the ratio of reinforcement fibres to matrix 
in the finished composite, generating additional 
benefits not available with traditional manual 
lamination methods. Starting the process, dry re-
inforcing material (e.g. glass fibre) is placed on 
the surface of the mould. This is followed by a 
layer of delamination fabric and mesh to facili-
tate the flow of resin. A tube is placed inside and  
an item is placed at the top to allow tight seal-
ing (often a polyolefin film), which must be prop-
erly attached to the mould to form a hermetically 
sealed unit. The vacuum pump removes air, which 
creates a pressure difference between the low 
pressure in the mould and the higher atmospheric 
pressure, sucking the resin into the mould. Dur-
ing this process, the laminate is saturated with the 

resin mixture until the reinforcement layers are 
completely covered.

The vacuum infusion method provides a 
number of advantages over traditional methods. 
One advantage is better reinforcement to matrix 
base ratio. Hand lamination usually results in the 
introduction of more matrix base than reinforce-
ment itself in the mass produced composite. This 
is different in the infusion method, where only a 
minimal amount of liquid matrix is introduced 
into the mould, maximizing the properties of 
combined composite components (i.e. reinforce-
ment fibres and matrix). 

Although the concept of the infusion process 
appears simple, its successful application requires 
careful planning and design to ensure that the 
mould is filled in a timely manner without areas 
that are not saturated with the liquid matrix [12, 
15]. The infusion rate is determined by the vis-
cosity of the resin [19], the distance it has to flow, 
the permeability of the elements and the vacuum 
level. It is, therefore, important to properly select 
the materials and flow elements, resin flow layout 
and location of vacuum ports, which is crucial to 
achieve a high quality manufactured piece.

Glass fibres and glass fibre products are 
commonly used as reinforcement in composites 
[9, 10, 11]. The most popular fibres are made 
from the so-called E-glass, which is glass with 
low alkali content. They can operate at tempera-
tures up to 350 °C. 

Glass fibres are most commonly used in 
the form of roving, i.e. strands of fibre joined 
without twist and coated with a special prepa-
ration, as well as in the form of fabrics in  
a variety of weaves, chopped roving and chopped 
roving mats. Glass fibre reinforcement phases 
have high tensile strength, low Young’s modulus 
(low stiffness), but high shear modulus. It can be 
considered that, apart from the price, the main 
advantage of glass fibres in polymer composites 
is their higher energy absorption capacity com-
pared to carbon fibres and their very high tensile 
strength [4, 7, 27].

The matrix of polymer composites is often an 
epoxy resin composition with known character-
istics, as long as it is used under the conditions 
specified by the manufacturer in the safety data 
sheet (in terms of weight ratio resin to hardener). 
However, it may happen that standard composite 
manufacturing conditions cannot be maintained, 
which is likely to be the case with their manu-
facture in the field. The article presented here 
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attempts to determine the effect of the infusion 
method composite manufacturing temperature on 
its mechanical properties.

PREPARATION OF MATERIALS FOR 
TESTING

The composite material for the study was 
made from nine layers of 390 g/m2 glass fi-
bre twill fabric [2, 7, 8] – the dimension of the 
laminates (Fig. 1) produced was 200 × 300 mm 
(the dimension of the 400 × 300 mm mould was 
conditioned by the size of the climate chamber  
(Fig. 1) in which the infusion process was carried 
out). The reinforcing fabrics in the mould were 
arranged without rotation, so the reinforcing fi-
bers in all layers were parallel to the edge of the 
mould. The matrix was MGS L285 epoxy with 
H287 hardener [20]. The epoxy resin and hard-
ener were mixed together in 100:40 weight ratio. 
In order to conduct the tests, 3 composite panels 
were produced using the same technology, differ-
ing only in the value of the manufacturing tem-
perature: 5 °C, 23 °C and 50 °C. The manufactur-
er recommends temperatures between 20 °C and 
40 °C for the manufacture of composite materials 
[23]. The temperature of 5 °C was used to check 

and verify the possibility of field repairs of com-
posite structures, e.g. those used in aviation.

The manufacture of laminates was conducted 
in accordance with the technology described in 
the available literature. In the final step, after the 
mould was sealed and the lines connecting the 
mould to the liquid matrix tank and the vacuum 
pump were connected, the valves placed on the 
tubing were opened, causing the resin composi-
tion to seep through the previously laid reinforce-
ment layers. Once this process was complete (the 
mould was completely filled with the liquid ma-
trix), the resin-hardener supply valve was closed. 
After 24 hours when the material had fully cured, 
the composite plate was removed from the mould.

The time required for matrix supersaturation 
of all laminate layers varied with temperature, 
reaching the following values: 
 • at a temperature of 5 ℃ for approximately 5 

hours;
 • at a temperature of 23 ℃ for approximately 

15 minutes; 
 • at a temperature of 50 ℃ for approximately 5 

minutes

The difference in mould filling times is relat-
ed to the change in viscosity of the liquid matrix 
with the change in temperature at which the pro-
cess took place [22].

After the composites were removed from the 
mould, a visual inspection of their quality was 
carried out, during which it was noted that the 
composite layers were properly supersaturated 
and the matrix had cured adequately. The struc-
ture of the composites was visually correct. 

RESULTS OF EXAMINATION

A set of samples was cut out (high pressure 
water cutting) from each laminate for strength 
testing using a waterjet cutting machine (Fig. 2). 
The samples were used for tensile, bending and 
impact strength tests. The samples were cut so 
that the reinforcing fibres were parallel and per-
pendicular to their long edge.

Prior to testing, the surface weight of the com-
posites, the reinforcement content of the compos-
ite and the average thickness of the samples were 
calculated (Table 1). The thickness of each sam-
ple used in the tests was measured at three points 
– the results were averaged.

Figure 1. WEISS-Technik climate chamber WKL 
64/40 including vacuum installation
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for the composite material. The composite made 
at 23 ℃ is not much different - it has the correct 
external and internal structure and only slightly 
more air voids. The internal and external structure 
of the composite made at 5 ℃ is the worst. Sig-
nificantly more air voids can be seen in the inter-
nal structure. Also areas of heterogeneous surface 
cross-linking are clearly visible in the external 
structure under magnification.

The static tensile strength test was performed 
in accordance with EN ISO 527-5982 standard 
using the INSTRON 5982 machine. The test was 
performed to determine the tensile strength (Fig. 
6) and the Young’s modulus (tensile) (Fig. 7). 
During the test, 15 samples (5 samples from each 
composite) in the shape of a paddle with a gauge 
length of 150 mm were tested. The speed of the 
traverse movement equalled 2 mm/min.

When analyzing the results, it was observed 
that the laminate made at 50 °C achieved an aver-
age tensile strength of 422.53 MPa, a result ap-
proximately 40% higher than the composite made 
at 5 °C. The composites made at 23 °C and 50 °C 
showed similar tensile strengths.

A triple support bending tests was conducted 
in order to determine the bending strength (Fig. 8) 
and Young’s modulus (bending) (Fig. 9). The test 
parameters were set in accordance with the DIN 
EN ISO 178 standard. Fifteen samples (5 pieces 
per composite) measuring 80 × 10 mm were used 
for the test, the traverse movement speed dur-
ing the test was equal to 10 mm/min, distance of 

Figure 2. Specimen shape: a) sample for impact and bending strenght test, b) sample for tensile strenght test

Table 1. Composite parameters of the manufactured composites
Composite production

temperature (°C) Surface weight (g/m2) Volume of reinforcement in 
laminate (%) Average thickness (mm)

5 5243.1 67 3.80

23 4965.2 70 3.02

50 4972.2 70 2.85

Figure 3. Internal structure of the laminate made at 5 
℃ (x10 magnification)

Figure 4. Internal structure of the composite made at 
23 ℃ (x10 magnification)

Figure 5. Internal structure of the composite made at 
50 ℃ (x10 magnification)

Visual examination (Figs. 3–5) shows that, in 
terms of internal structure, the best laminate is the 
one made at 50 ℃ with the fewest air voids in the 
structure [14, 18, 21], which is very favourable 
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supports was equal to 60 mm, initial force speed 
was equal to 5 mm/min.

In terms of bending strength, there are sig-
nificant differences in the composites tested. From 
the graphs (Figs. 8–9), it can be deduced that the 
composite made at 50 °C has the highest bending 
strength average (549.8 MPa) and that when it is 
made at 5 °C, it has 108% lower bending strength 
(264.0 MPa) than the one made at 50 ℃. In contrast, 

the Young’s modulus (bending) of the laminate 
made at 5 °C is 48% (21.5 GPa) lower compared 
to the composite made at 23 ℃ (31.8 GPa).

The determination of the impact strength 
was carried out using the Charpy method with 
an SW-5 pendulum hammer [6]. The samples of 
the fabricated composites were surface and edge 
loaded. For the needs of the tests, the authors used 
60 samples sized 80 × 10 mm. 

Figure 6. Diagram of tensile strength of tested materials

Figure 7. Diagram of Young’s modulus (tensile) of tested materials 

Figure 8. Diagram of the bending strength of the test materials
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The laminate, made at 50 °C, achieved the 
highest impact strength average (211.062 kJ/
m2) in the edge impact test (Fig. 11). In the case 
of surface impact strength (Fig. 10), the lami-
nate made at 50 °C also shows the best impact 
strength average (198.847 kJ/m2). The com-
posite made at 50 °C has approximately 12% 

higher impact strength than the composite made 
at 23 °C, and approximately 5% higher impact 
strength than the material made at 5 °C when 
comparing surface impact strength. On the other 
hand, when comparing edge impact strength av-
erages, a composite made at 50 °C has an impact 
strength average approximately 6% higher than 

Figure 9. Diagram of Young’s modulus (bending) of tested materials

Figure 10. Impact strength of laminates under surface load

Figure 11. Impact strength of laminates under edge loading
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a composite made at 23 °C and approximately 
20% higher than a laminate made at 5 °C. 

CONCLUSIONS

An analysis of the tests carried out on lam-
inates made of glass fibre with a 390 g/m2 twill 
weave and a matrix consisting of a mixture of 
epoxy resin and hardener, manufactured by 
means of the infusion method, made it possible to 
assess such strength parameters as impact, tensile 
and bending strength. 

The performance properties such as surface 
mass, laminate thickness and percentage of rein-
forcement in the laminate were also determined. 
The best performance is shown by composites 
made at 23 and 50 ℃, containing around 70% re-
inforcement in the laminate, with the composite 
made at 50 ℃ having the lowest number of inter-
nal ‘voids’.

The composite made at 50 ℃ shows the best 
mechanical properties, although similar to the 
composite made at 23 ℃ (differences of up to 5%).

The composite material made at 5 ℃ is char-
acterized by the lowest performance among all 
the tested properties. This is partly due to the low 
temperature, which caused the composite to take 
several hours to supersaturate, much longer than 
the other two laminates, which did not favour the 
propagation of the resin mixture, making it more 
difficult to extract the excess matrix. As a result 
this laminate is almost a millimetre thicker than 
the others. The low manufacturing temperature 
also affected the cross linking process of the ma-
trix, which also translates into low values for the 
tested mechanical properties of this composite.

Based on the tests of composites produced 
in the temperature range 5–50 ℃, it was found 
that the composite material made by the infusion 
method has better strength and performance prop-
erties, the higher the temperature at which it was 
made. However, increasing the manufacturing 
temperature of the composite requires additional 
tooling, which, in view of the small increase in 
mechanical strength, may not be justified.
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