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Abstract: In this work, experimental compression tests were performed in quasi-static conditions on
composite specimens in the form of tubes of two different diameters (20 mm and 42 mm). The specimens were
made of 3k carbon prepregs with a dry fabric areal density of 160 g/m? and 204 g/m?, plain, and unidirectional
(UD) with an areal density of 200 g/m?2. The experiment determined the maximum forces (Pmax), average forces
(Pi), and the value of absorbed energy (SEA). It was shown that the use of a 21% higher areal density increases
the SEA by about 25% for the plain prepreg. Changing the type of prepreg from plain to UD with a similar areal
density increases the SEA by 39% - 53%.
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1. Introduction

The production of increasingly lighter vehicles is currently a determinant of the development of the
automotive, aviation and rail industries. Composites of various compositions are widely used as
materials not only for construction but also as visually attractive elements of vehicle interior fittings.
Progressively more metal elements are being replaced with composite products. Undoubtedly, a major
advantage of composite materials is their low specific weight, which provides great economic benefits
related to reduced fuel consumption. In addition, selected composite materials are characterized by high
durability. Another feature of selected composite materials is their ability to absorb large amounts of
energy in the process of controlled destruction. This is a premise for designing lightweight structures as
equivalents of steel elements absorbing impact energy. Such a material is, among others, a carbon fiber
reinforced epoxy composite [1-5]. The advantages of this type of material include excellent mechanical
properties, low density, high strength and specific stiffness, as well as a promising potential for effective
vibration control and noise reduction [6].

When analyzing the results presented by researchers, it should be noted that carbon fibers used in an

appropriate geometric arrangement reinforced with epoxy resin can give very good results at the level
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of 120 kJ/kg [7, 8]. The specific properties of epoxy composites reinforced with carbon fabric mean that
they can be used to design elements that will absorb more energy than metal elements or composites
reinforced with glass fiber [3, 5, 8, 9, 10, 11]. The basic criterion for the operation of such an element is
to absorb energy in a gradual and controlled manner because the main goal is the safety of transported

goods and people.

2. Factors affecting the amount of energy absorbed

The factors that influence the absorption of impact energy are: structural, technological,
geometrical and test conditions-dependent factors [12]. In addition, the type of material and the type of
cross-section geometry, wall thickness to diameter, type of load and composite architecture have an
impact [3, 13, 14, 15, 16, 17, 18]. A significant role in energy absorption is played by friction, in
particular friction between the profile and the initiator, as proven in [19]. In general, the properties of
composite materials reinforced with long fibers grow with the increase in the fiber content [20, 21], but
the effect of the fiber content in the composite on the ability to absorb energy is not clear. The course of
the crushing process of composite profiles is related to the material properties of the composite, which
result from many factors such as the mechanical properties of the fiber and resin, the laminate structure
and fiber content [12, 22]. Nevertheless, in this approach, the effect of the fiber content on the energy
absorption capacity of composite structures has not been studied in detail. Some authors found that a
decrease in the SEA value is observed with the increase in the volume content of fibers [22, 23, 24];
others found that increasing the fiber content causes an rise in SEA [10, 25, 26]. Although the
conclusions of various authors are not consistent, it should be taken into account that the influence of
the fiber content on the ability to absorb impact energy may be different for various materials and for
different analyzed ranges of fiber volume fractions in the composite. Nonetheless, since SEA changes
are related to phenomena occurring between laminate layers [27], the influence of the fiber content on
the parameters describing these phenomena should be considered. On the other hand, with the increase
in the fiber content, the volume of the matrix between the fibers decreases, changing the density of the
material. This is all the more important with the greater the difference between the density of the matrix
material and the density of the fibers. In papers [3, 12, 28, 29] it was proven that the fiber orientation
+45 absorbs significantly less energy compared to the [0/90] arrangement and random reinforcement
with a mat [30]. Among the factors influencing SEA, the areal density of the reinforcement used is also
worth noting, however, there are not many studies of this type. In study [32] 30%-52% ILLS was found
for the areal density of 380 g/m? compared to the areal density of 200 g/m?. In work [33], static and
dynamic tests were carried out on round specimens of 20 mm in diameter with an areal density of 160

g/m2, 1t was shown that SEA in static conditions was 65 J/g and in dynamic conditions 48 J/g. In work
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[8] quasi static and dynamic compression tests were performed on specimens 42 mm in diameter
reinforced with a fabric of 204 g/m?2. The obtained SEA was 85.47 J/g for quasi-static conditions and
67.97 J/g for dynamic conditions. Studies [7] showed the occurrence of the scale effect, i.e. a higher
SEA was obtained for smaller specimens compared to specimens of a larger diameter.

Taking the above into account, the present studies were carried out to assess the effect of the
composite fiber arrangement and the areal density of the used prepreg on the amount of absorbed energy

during its crushing in quasi-static conditions on specimens of two different diameters.

3. Materials and methods
3.1. Materials

In order to perform experimental studies aimed at investigating the influence of selected factors on
SEA, a number of composite pipes with a given architecture were made. For this purpose, three types
of prepregs (3k) carbon fiber-epoxy resin (IMP 503Z40) from Impregnatex Compositi (Fig. 1) were
used, with properties determined experimentally in accordance with ASTM standards [34-36] and

presented in Table 1.

a) b)

)

Fig. 1. Prepregs used in tests, a) UD 200g/m?, b) plain 160 g/m?, c) plain 204 g/m?

Table. 1. Properties of tested materials. Tests were performed in accordance with ASTM standards

Parameter 204 3k 160 3k 200 UD
Areal density, g/m? 204 160 200
Resin content, % 47 47 47
Type of resin IMP 503240 IMP 503240 | IMP 503240
Eit, MPa 50 439.53 52 748.09 104 634.0
E2, MPa 49 888.38 51134.81 9914.0
o, MPa 654.67 500.81 1723.0
o2, MPa 679.12 439.28 78.58
e, % 1.23 1.05 1.48
2, % 1.27 0.82 0.81
Gl (Mode 1), J/m? CC 368.745 CC 220.37 CC 340.793
GlI (Mode I1), J/m? | NPC 2234.173 | NPC 1833.48 | NPC 2263.70
PC 2412.167 PC 1189.28 PC 2316.26
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Pipes 0.5 m long were made by manually winding layers of the appropriate prepreg onto a Teflon core
of the appropriate diameter. Teflon cores with diameters of 42 mm and 20 mm were used. The specimen
designations were introduced in accordance with Table 2. Curing was carried out in an autoclave at
130°C for three hours. Then the pipes were cut into specimens of the appropriate length (Fig. 2.).

Table 2. Test specimen parameters

Designation | Diameter, Number of Areal density, g/m? Type of prepreg
mm prepreg layers
[ 42 10 200 uD
Il 42 10 204 plain
11 42 10 160 plain
v 20 5 204 plain
vV 20 5 200 uD
VI 20 5 160 plain

To reduce the crushing initiation force of the composite pipes, each specimen was finished with a single-
sided external chamfer of 70° (Fig. 2.).

@42

@20

68

34

L)

Fig. 2. Geometry of specimens (units are given in millimeters)

3.2. Procedure for determining the energy absorbed by a unit mass (SEA)

To calculate the absorbed energy per unit mass (SEA), one needs to determine: the total energy absorbed
by the specimen during the test, the specimen density, and the cross-sectional area of each specimen.

SEA can be calculated using the formula:

— Frot
SEA = -2 (1)

Ewt— total energy absorbed in the test, p — average density, A — cross-sectional area, | — displacement

The total energy absorbed in the test was determined by calculating the area under the force-
displacement graph obtained in the crush test of the composite specimens. The density was determined
experimentally. The average results of nine measurements for each specimen are presented in Table 3.
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Table 3. Density and cross-sectional area for tested variants of composite specimens

Designation | Density, g/cm® | A, mm?
| 1.562 305.33
I 1.453 319.93
Il 1.415 276.32
Vi 1.415 65.94
V 1.562 72.88
v 1.453 76.37

4. Research and discussion
4.1. The influence of areal density and architecture on SEA

Quasi-static crushing tests for the specimens with the diameter of 42 mm were carried out using
a Zwick 100 kN universal testing machine, while tests for the specimens with the diameter of 20 mm
were carried out by means of a Zwick 30 kN universal testing machine. The test stand is shown in Figure
3. Three specimens were tested for each case at a constant speed of v=0.0003 m/s. For the specimens
with the diameter of 42 mm, displacements of 55 mm were set, while for the specimens with the diameter
of 20 mm, a displacement of 25 mm was set. An initiator with a working edge radius of r=1 mm was
used in the tests.

specimen

initiator

Fig. 3. Stand for testing in quasi-static conditions for 20 mm diameter specimens; testing velocity v=20 mm/min

As aresult of the experimental tests, force-displacement curves were obtained for all the tested specimen
variants (Fig. 4, 7). The appearance of the specimens after the test is shown in the figures (Fig. 5, 8).
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Fig. 4. Force-displacement curves, 42 mm diameter specimens, tests velocity v=20 mm/min; comparison of type I, 11 and
111 specimens
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a) : b) » c)

Fig. 5. Example 42 mm diameter specimens after testing; a) specimen type I; b) 11;c) 1l

The calculated mean SEA values for all the specimen types are presented in graphs (Fig. 6, 9).

SEA, J/g
8

200g/m2, UD 204 g/m2 160g/m2

Fig. 6. SEA for 42 mm diameter specimens
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Fig. 7. Force-displacement curves, 20 mm diameter specimens, test velocity v=20 mm/min; comparison of type V, IV

and VI specimens
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Fig. 8. Example 20 mm diameter specimens after testing; a) specimen type V; b) 1V; c) VI;

0
v v Vi

200g/m2,UD 204 g/m2 160 g/m2

Fig. 9. SEA for 20 mm diameter specimens

The value of average force P;i (which was determined as the average value of force after the crushing
process had started) in relation to maximum force Pmax for all the specimen types is presented in Table
4. The Pi/Pmax value shows the effectiveness of the initiator in the process, which is to reduce the Pmax
force. Table 4 shows different Pi/Pmax Values, which indicate the need to select an individual initiator for

the specimen type.
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Table 4. Pi/lPmax Values for series of 20 mm and 42 mm diameter specimens

Designation Pi/Pmax
| 0.76+0.11
1l 0.76+0.11
11 0.73+0.01
v 0.89+0.03
\Y 0.92+0.03
Vi 0.85+0.03

When analyzing the results of the crushing tests of the composite specimens in quasi-static conditions,
attention is drawn to the force-displacement curve, the courses of which are uniform, which is very
beneficial regarding energy absorption. Small fluctuations were observed in the case of the specimens
from group 11, where the force oscillates in the entire displacement range. The most stable courses were
observed in the case of the specimens containing only axial fibers for both tested diameters (I, V), which
may be due to the lack of the effect of cracking of peripheral fibers causing force fluctuations. The
appearance of the specimens after the quasi-static tests indicates the occurrence of a delamination
mechanism in the case of a larger share of axial fibers; for a smaller share of axial fibers, more intensive
fiber crumbling and a decreasing number of axial cracks can be observed, which indicates the
predominance of the fragmentation mechanism. In order to show the changes in SEA caused by the
change of the material used, the results for the type VI specimens together with the type IV specimens
crushed in quasi-static conditions, and the type 11 specimens together with the type Il specimens crushed
also in quasi-static conditions were compared (Tables 5, 6). A change in the areal density by 21.5%

causes a rise in SEA by about 25%.

Table. 5. Influence of areal density of prepreg and density of finished composite on obtained values of force and SEA
in process of crushing type 1V and VI composite specimens in quasi-static conditions

Designation Areagl}/drﬁgsny, Density, g/cm?® Pi, N Pmax, N SEA, J/g
Vi 160 1.415 7125.49 8378.10 65.14
v 204 1.453 9492.12 11096.54 86.81

Difference % 21.56 2.61 24.93 24.49 24.96
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Table 6. Influence of areal density of prepreg and density of finished composite on obtained values of force and SEA
in process of crushing type 11 and 11 composite specimens in quasi-static conditions

ESLIENY A’eaé/dnﬁ?s'ty' Density, g/cm® Pi, N Prax, N SEA, J/g
i 160 1415 27409.02 | 37350.04 64.38
I 204 1.453 4113501 | 5240249 86.37

Difference % 21.56 2.61 33.36 28.72 25.45

Tables 7 and 8 additionally present the difference in the obtained force and SEA for specimens made
of UD and plain prepregs. The introduction of the UD prepreg in both cases of the tested diameters
compared to a similar areal density plain prepreg increases the SEA by 39% for the small specimens

and 53% for the specimens with the larger diameter.

Table. 7. Influence of areal density of prepreg and density of finished composite on obtained values of force and SEA

in process of crushing type V and IV composite specimens in quasi-static conditions

Table. 8. Influence of areal density of prepreg and density of finished composite on obtained values of force and SEA

ReSlanen Afeaéfnﬁgs'ty' Density, g/cm3 Pi, N Prmax, N SEA, J/g
Y, 200 1.562 1384731 | 1491861 120.70
v 204 1.453 9492.12 11096.54 86.81

Difference % 1.96 7.50 4588 34.44 39.03

in process of crushing type | and 11 composite specimens in quasi-static conditions

D Afea;;jggs't% Density, g/cm? Pi, N Prmax, N SEA, Jlg
i 200 1.562 6486182 | 85279.86 132.14
I 204 1.453 4113501 | 52402.49 86.37

Difference % 1.96 7.50 57.68 62.74 52.97

5. Conclusions
1. A change in the areal density by 21% with the same reinforcement type (with an axial fiber
content of 50%) causes an increase in SEA for the quasi-static test by about 25%.
2. The content of axial fibers has a significant influence on both the maximum forces, average
force, and consequently, on the amount of energy absorbed in the compression process of the
composite specimens.
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The performed tests have shown that increasing the share of axial fibers from 50% to 100%
raises the amount of absorbed energy for the quasi-static test by 39 - 53%.

The applied constant trigger angle allowed the initial force in the process to be reduced, but
significant differences were observed depending on the axial fiber content, which indicates the
need to select the trigger geometry depending on the architecture of the composite element.
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