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Abstract
The attractive characteristics of polyester-glass composites have led to their use in many industries, but us-
ing them as structural elements requires knowing their mechanical properties. This paper presents processing 
methods of polyester and glass scrap and their use in the production of new composites. This scrap, called the 
recyclate, was pre-crushed, ground, and then passed through sieves to obtain the desired fractions. Composite 
materials with added recyclate were made by hand lamination. Composites were made and then used to con-
duct appropriate tests to determine the degree of cure of the resin, and to determine the effect of the polyes-
ter-glass recyclate content on the hardness of composites. For this purpose, rectangular panels with a thickness 
of g = 8 mm were produced by manual lamination. Each plate contained 0% glass mat, 10% resin, and 20% 
recyclate with granulation ≤ 1.2 mm and ≤ 3 mm. Then, test samples were formed from each plate. Hardness 
measurements were performed using the ball-pressing method. In addition, structural studies were carried out 
to determine the correlation between the structural and mechanical properties of the discussed materials. The 
obtained test results showed that the recyclate content and its granulation clearly affected the mechanical prop-
erties of the tested composite materials.

Introduction

Plastics are used in almost all industries (Kró-
likowski, 2012), and their wide application has 
impacted the emergence of new technologies to 
produce these materials, aimed at automating and 
accelerating their production processes. They are 
included in many types of composites, with the 
matrix materials of epoxy resins, polyesters, etc. 
They have also been used as reinforcement mate-
rials in mats and fabrics, etc. The basic factors 
affecting the hardness of composites are (Naplocha 
& Samsonowicz, 2001) their fiber properties, fiber 
content, warp type, fiber-warp fusion quality, stress 
state, and the density of crystal lattice defects around 
fibers (Jiang, et al., 1994; Kang & Yun, 1996). The 
first step in obtaining a composite is the selection of 
an appropriate fiber material. Composites with fiber 

reinforcements currently dominate the market for 
composite materials due to their superior mechani-
cal strength and low weight. Often, the use of more 
expensive fibers with much better properties allows 
a maximum strengthening effect to be obtained. 
Unfortunately, this is associated with higher costs, 
which prevents their use. The fibers used for the 
production of composites may be continuous (ele-
mentary) or discontinuous (staple fibers, whis-
kers) (Rajczyk & Stachecki, 2011). When selecting 
a reinforcement, it is also possible to use numer-
ous products made of single fibers: roving, mats, 
fabrics, pre-impregnations, and shaped elements 
(Oczoś, 2008). The second important factor affect-
ing the hardness of composites is the type of matrix 
(Sobczak, et al., 1995).

As technologies related to the use of poly-
mer composites (Gawdzińska, et al., 2017) have 
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developed to use fiber reinforcements, the amount of 
post-consumer waste increases, which has increased 
interest in the use of these waste materials (Rutec-
ka, Śleziona & Myalski, 2004; Rutecka et al., 2005). 
One important aspect is an appropriate means of pro-
cessing these materials because the form in which 
the material is processed will affect its subsequent 
use (Habaj, 2008). There are many methods to 
recover glass fibers from waste, so that they can then 
be used as full-value components (Asokan, Osmani 
& Price, 2009), replacing part of the reinforcement 
phase in new composites (Kowalska, Wielgosz 
&  Bartczak, 2002; Pickering, 2016). Continuous 
progress has been made in developing methods to 
recycle composites and materials (Bignozzi, Saccani 
& Sandrolini, 2000). Until recently, many of these 
materials were considered unfit for reuse, which 
has prompted an investigation into developing new, 
superior methods to reuse these materials (Jastrzęb-
ska, 2011; Jastrzębska & Jurczak, 2011; Błędzki, 
Gorący & Urbaniak, 2012; Garbacz & Kyzioł, 2017; 
Panasiuk & Hajdukiewicz, 2017; Kyzioł, Panasiuk 
& Hajdukiewicz, 2018).

This article presents the influence of recycled 
(recycled scrap) polyester and glass on the prop-
erties of layered composites subjected to hardness 
tests. In  addition, characteristics of the structures 
of the tested materials were determined, and their 
impact on hardness was determined.

Test sample preparation methods 

The analyzed materials were composites with 
added polyester and glass recyclate. The recyclate 
was sourced from a fragment of a ship’s hull pro-
duced in Poland in the 1980s. The hull fragment 
was initially crushed by a hammer and then crum-
bled with a crusher. After being milled and passed 
through a series of sieves, the material was divided 
into relevant fractions and used to produce the com-
posite materials, which were made by hand laminat-
ing. The recyclate was used in the following quan-
tities: 0%, 10%, 20% with granulations ≤  1.2  mm 
and ≤ 3 mm. A detailed description of the produc-
tion of composites with different recycled content 
is presented in previous works (Panasiuk & Hajdu-
kiewicz, 2017; Kyzioł, Panasiuk & Hajdukiewicz, 
2018; Panasiuk, 2018).

Table 1 shows the percentage of components 
that make up polyester-glass composites with added 
recyclate. The following symbols are used to simpli-
fy composite identification:
•	 LR0 – composite without recyclate;

•	 LR10.1.2 – composite with 10% recyclate content 
with granulation ≤ 1.2 mm;

•	 LR10.3.0 – composite with 10% recyclate content 
with granulation ≤ 3.0 mm;

•	 LR20.1.2 – composite with 20% recyclate content 
with granulation ≤ 1.2 mm;

•	 LR20.3.0 – composite with 20% recyclate content 
with granulation ≤ 3.0 mm.
The next stage was to prepare samples for testing 

and investigate the hardness of composite materials 
based on the presence of recyclate.

Research methods 

The hardness of samples was measured by press-
ing a ball in accordance with the PN-EN ISO 2039-1: 
2004 standard (Plastics – Determination of hardness 
– Part 1: The method of pressing the ball). A Qness 
Q250M universal hardness tester equipped with an 
indenter for testing plastics was used in all tests. In 
addition, Qpix T12 software was used to prepare 
a measurement report and fully archive the measure-
ment data, including the recorded images displaying 
the imprint.

The method involved pressing the ball under 
a given load into the surface of the tested fitting and 
then measuring the depth of the impression under 
the load. The area of the ball imprint was calculat-
ed from the depth of the fingerprint. Hardness (HB) 
is defined as the quotient of the ball indenter of the 
hardness tester to the surface of the impression sur-
face caused by the indenter ball after a specified load 
duration. The ball diameter was 5 ± 0.05 mm. The 
measurement process consisted of applying a pre-
load F0  =  9.8  ±  0.1  N, at a minimum distance of 
10 mm from the edge of the fitting. Next, a sensor 
used to measure the depth of the impression was set 
to zero, and a load was applied so that the depth of 
the impression was in the range of 0.15–0.35 mm. 
The test time was 30 s. To determine the hardness of 
the materials, 10 measurements were performed on 
samples of each material.

Table 1. The content of composite materials made by hand 
laminating

No. Symbol Number of  
mat layers

%resin  
content

% mat  
contents

% recycled  
content

1 LR0 12 66% 34% 0%
2 LR10.1.2 10 64% 26% 10%
3 LR10.3.0 10 62% 27% 10%
4 LR20.1.2 3 69% 11% 20%
5 LR20.3.0 3 70% 10% 20%
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Figure 1 presents a diagram of the hardness mea-
surement points on samples.
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Figure 1. Diagram of hardness measurement points on the 
sample

Figure 2 shows an example of a ball impres-
sion on a sample LR10.1.2 (10-fold magnifi cation). 
Structural investigations were carried out on an 
Axiovert 25 optical microscope with 50× to 500× 
magnifi cation.

Figure 2. Sample printout LR10.1.2 (10×) (Panasiuk, 2019)

The aim of the study was to measure the amount 
of recyclate, its distribution, and size of granules in 
the structure because these quantities signifi cantly 
impact the mechanical properties of the tested mate-
rials. Tests were carried out on cut pieces from each 
composite. The cross-sectional areas were prepared 
using abrasive papers with gradations of 320, 800, 
and 1200, and then polished with a diamond polish-
ing slurry with a grain size of 3 μm.

Figure 3 presents images of prepared samples 
from composite materials for optical microcopy 
observations. Structure observations were made of 
the cross-sections of samples. Primary observations 
included the amount of air pores in the compos-
ite and the adhesion of the recycled particles. The 
assessment of material structures will allow for the 
proper analysis of the mechanical dependence of the 
tested materials on their structural properties.

Results

Three hardness tests were performed with each 
composite, and 10 measurements were taken on 
each sample. The average results of hardness tests 
are presented in Table 2.

Table 2. Hardness measurement results obtained by ball 
pressing composites made via manual lamination (Panasiuk, 
2019)

Material
HB Standard deviation ΔHB

N/mm2 N/mm2 %
LR0 161 17.28 0

LR10.1.2 140 13.96 13.0
LR10.3.0 134 19.4 16.8
LR20.1.2 94 16.85 41.6
LR20.3.0 96 9.38 40.4
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Figure 4. Infl uence of recyclate content and granulation on 
hardness (based on (Panasiuk, 2019))

a) b) c) d) e)

Figure 3. Samples prepared for optical microscopy observation: a) LR0, b) LR20.3.0, c) LR20.1.2, d) LR10.3.0, e) LR10.1.2 
(Panasiuk, 2019)
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Figure 4 presents a bar graph illustrating the 
impact of the recyclate content and its granulation 
on the hardness of composites made by manual 
lamination. The hardness test results presented in 
Table 2 and Figure 3 show that the highest hardness 
of the composite without recyclate was 161 MPa. 
The addition of 10% recyclate reduced the hardness 
by about 15%, and the addition of 20% recyclate 
reduced the hardness by more than 40% compared 
with the composite without recyclate. Hardness 
tests complement mechanical tests (strength, 
impact resistance, and bending) and have shown 
that increasing the recycled content decreases the 
mechanical properties of composite materials. The 
impact of granulate in the range of 1.2 mm to 3 mm 
is negligible (Garbacz & Kyzioł, 2017; Panasiuk 
& Hajdukiewicz, 2017; Kyzioł, Panasiuk & Hajdu-
kiewicz, 2018).
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Figure 5. The impact of recycled content and granulation on 
composite hardness (Panasiuk, 2019)

Figure 5 shows that the granulate slightly affects 
the composite hardness. 

200 μm

Figure 6. Structure of composite without recyclate made by 
manual lamination – LR0 (50x) (Panasiuk, 2019)

Figure 6 shows that the structure of a non-recy-
clate composite (LR0) made by manual lamination 
contains many air pores, especially when reinforc-
ing. An important aspect is the adhesion between the 
resin and the fibers. In this material, the boundary 
between the fibers and the resin is visible (marked 
with an arrow).

200 μm

Figure 7. Composite structure with 10% recycled content, 
granulate size ≤  1.2 mm, made by manual lamination – 
LR10.1.2 (magnification 50×) (Panasiuk, 2019)

Figure 7 shows the structure of a composite 
with 10% recyclate and a granulation ≤  1.2 mm 
(LR10.1.2). The image shows that the structure of 
this composite is clearly different from the structure 
of the composite without recyclate. In the case of 
LR10.1.2, both air pores (marked in the image in 
a circle) and recyclate particles are visible (marked 
with an arrow).

200 μm

Figure 8. The structure of the composite with a 10% recy-
clate content, a granulate size of 3.0 mm, made by manual 
lamination – LR10.3 (magnification 50×) (Panasiuk, 2019)

Figure 8 presents an image the structure of 
a composite with 10% recyclate and a granulation 
≤ 3.0 mm (LR10.3). Large recyclate granulates are 
clearly visible, which weaken the bond between the 
reinforcement and the resin (marked with an arrow). 
In addition, there are also air pores which emerged at 
the border with the reinforcement.
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Conclusions

The results obtained here have made it possible 
to draw final conclusions regarding the impact of 
recyclate content and granulate size on the hardness 
of polyester-glass composites.
1.	The addition of polyester-glass recyclate reduces 

the hardness of the composite.
2.	The addition of 10% recyclate reduces the hard-

ness of the composite by about 15%, and the 
addition of 20% recyclate reduces the hardness 
by more than 40% compared with the composite 
without recyclate. When granulate size ranged 
from 1.2 mm to 3 mm, the hardness of the poly-
mer was not substantially affected.

3.	The results of the hardness tests of composites 
are consistent with the results of tensile strength, 
bending strength, and impact strength tests. Com-
bined, the results showed that increasing the poly-
mer content decreased the mechanical properties 
of the composite.

4.	However, a higher recyclate content in the com-
posite decreased the mechanical properties of the 
produced composite, but larger amounts of recy-
clate led to a non-workable composite material.

5.	The decrease in the mechanical properties with 
an increase in the recycled content was caused by 
a reduction in the amount of reinforcement in the 
material, which reduced the adhesion of composite 
components. In addition, structure studies showed 
that the way in which the components were includ-
ed in the composite without recyclate match the 
plastic material. In the case of composites with 
added recyclate, fragile cracks were observed at 
the turn point. Structural observations have also 
shown that there are clusters in which the amount 
of recyclate in the composite significantly reduces 
the mechanical properties of the material.
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