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COMPOSITES OF RIGID POLYURETHANE FOAM AND SHREDDED CAR 
WINDOW GLASS PARTICLES – STRUCTURE AND MECHANICAL PROPERTIES 

This publication describes the effect of shredded (milled) car windows on the structure and mechanical properties of rigid 

polyurethane (PUR) foam. The multi-stage shredding (crushing + milling) process for car windows provides an effective 

method for reusing the material as a filler. The proposed method of the mechanical recycling of windshields is energy- 

consuming, which increases the costs of recycling processes. At the same time, this method is scalable, which allows the pro- 

cesses to be transferred from the laboratory to the industrial scale. The mechanical properties of the foams reinforced with 

shredded glass were assessed by performing a compression test in accordance with standard PN EN 826. The obtained results 

demonstrate the effectiveness in increasing the compressive strength for the two-component polyurethane foam with densities 

of 30, 50 and 70 kg/m3. The addition of milled glass in the amounts of 10, 20, 30% by weight increases the compressive 

strength of the rigid foams from 10 to even 90%. The filler particles create areas where new pores form, resulting in the 

reinforced PUR foams having more small pores than the neat PUR foams. The sharp edges of the glass particles act as “cut- 

ting blades” for the pores that form, which is manifested by the foil effect on the filler surface. 

Keywords: windshield glass, recycling, rigid foams, mechanical properties, waste 

 

 

 

 

INTRODUCTION 

The use of PUR foams is often found in the produc- 

tion of pipeline and tank insulation, door construction 

insulation and reinforcement, in cooling systems, the 

filling of buoyancy chambers in ships or the building of 

bee hives and others [1]. A significant advantage of this 

material is the two-component composition that allows 

in situ production. Porous foam fills the entire volume 

of the chamber into which it is introduced. Due to the 

two-component composition of the foams, it is possible 

to transport them in a liquid form to the place of pro- 

duction of the final product, which is beneficial for the 

environment as this reduces the carbon footprint (com- 

pared to the transport of polystyrene boards). The most 

important advantages of PUR foams include very good 

thermal insulation, easy application, good adhesion to 

many types of substrate, good mechanical parameters, 

in addition to high efficiency. It is also widely used for 

the acoustic insulation of mechanical devices [2, 3]. 

In addition, PUR foams are often used in mechanical 

energy-absorbing solutions, which are important in 

automotive or other branches [4, 5]. 

Among the numerous descriptions of PUR foam re- 

inforcement with particles, fillers in the form of shred- 

ded waste materials can be found, e.g. solid waste from 

leather production [6], agricultural wastes (rapeseed 

straw, rice straw, wheat straw, corn stover) [7], steel 

slag waste [8, 9], textile wastes [10] or milled PET 

 

 

waste [11]. Fibrous fillers, including ground GFRP and 

CFRP composites, are also common [12-14]. Organic 

particles are a popular filler for rigid PUR foams, e.g. 

walnut shells, egg shells, potato proteins and sugar beet 

pulp [15-18]. Organic particles generally result in eco- 

logical improvement of the materials [19, 20]. The last 

PUR filler often reported in the literature is ceramic 

particles [21, 22]. 

The aim of this article is to propose a method of 

managing waste car window glass, containing certain 

amounts of PVB foil, as a filler for rigid polyurethane 

foam. Reusing car windows is important as they are 

a source of large amounts of undeveloped waste. Car 

windows have a multi-material composition resulting 

from the presence of PVB film between the glass lay- 

ers. The task of the foil is to ensure safety in the event 

of an accident by maintaining its integrity. The tear- 

resistant foil is strongly bonded to the glass surface, 

which means that the glass fragments do not injure pas- 

sengers upon impact. The processing of such material 

waste poses technological problems. The current state 

of knowledge on car glass recycling is wide, as evi- 

denced by numerous publications [23-25]. The method 

of car glass management proposed in this article may be 

a favorable method of mechanical recycling, contribut- 

ing to improvement of the properties of rigid polyure- 

thane foams used in various constructions [26, 27]. 
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EXPERIMENTAL PROCEDURE 

In this work, automotive glass waste from a local car 
dismantling and recycling company 
(Żory, Poland) was used. The waste was collected as 
mixed broken glass particles (Fig. 1). In the first stage 
of using automotive glass, it is necessary to separate all 
the non-glazed objects, especially metal objects that 
may damage the milling equipment in the 
stages. After removing the undesirable objects from the 
glass cullet and drying the waste in a laboratory dryer 
(temperature 120°C, time 6 h), the waste was milled 
using a Retsch SK 300 cross beater mill with 0.5 mm 
separation sieves. The ground car glass was 
by means of scanning electron microscopy (SEM 
Hitachi S-4200) to ascertain the grain morphology 
of the material. The Thermo Noran System 7 was 
employed to determine the chemical composition of 
glass particles (EDS). 

 

Fig. 1. Contaminated glass cullet from car windows

The rigid polyurethane foams used in the 
purchased from Minova Ekochem
Śląskie, Poland). The U30, U50 and U70 
used, whose names refer to the foam density, respe
tively 30, 50 nd 70 kg/m3. The foam system consists of 
two components A and B. Component A is a mixture 
of polyols, auxiliaries and a foaming agents. Comp
nent B is an isocyanate of the p-MDI type. 
components were mixed together in a weight ratio of 
100:120. The ingredients were poured into a dry co
tainer in the appropriate proportions and intensively 
mixed with a mechanical stirrer at a rotational speed of 
1200 rpm for about 10 seconds. Afterwards
was poured into the final growth space. In the 
the PUR foam was cast into plastic molds (HDPE) with 
the dimensions 120x120x70 mm. The molds were open 
at the top. Four series of samples were made for each 
foam density, whose compositions and 
presented in Table 1. 

Rigid polyurethane foam specimens
100x100x50 mm in size with an electric cutter. 
pression tests were performed utilizing 
4469 machine at the travel speed 
The compression tests were carried out in accordance 
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In this work, automotive glass waste from a local car 
dismantling and recycling company – KAPADORA 
(Żory, Poland) was used. The waste was collected as 

ig. 1). In the first stage 
of using automotive glass, it is necessary to separate all 

glazed objects, especially metal objects that 
pment in the subsequent 

stages. After removing the undesirable objects from the 
glass cullet and drying the waste in a laboratory dryer 
(temperature 120°C, time 6 h), the waste was milled 
using a Retsch SK 300 cross beater mill with 0.5 mm 

round car glass was examined 
scanning electron microscopy (SEM  

the grain morphology  
of the material. The Thermo Noran System 7 was  

the chemical composition of the 

 

Contaminated glass cullet from car windows 

igid polyurethane foams used in the study were 
Ekochem (Siemianowice 

Śląskie, Poland). The U30, U50 and U70 foams were 
refer to the foam density, respec-

The foam system consists of 
two components A and B. Component A is a mixture  
of polyols, auxiliaries and a foaming agents. Compo-

MDI type. The A and B 
were mixed together in a weight ratio of 

100:120. The ingredients were poured into a dry con-
appropriate proportions and intensively 

mixed with a mechanical stirrer at a rotational speed of 
wards, the mixture 

was poured into the final growth space. In the study,  
PUR foam was cast into plastic molds (HDPE) with 

120x120x70 mm. The molds were open 
at the top. Four series of samples were made for each 

compositions and designations are 

specimens were cut to 
an electric cutter. Com-

ing an INSTRON 
travel speed v = 5 mm/min.  
were carried out in accordance 

with the PN EN 826 standard and the structure of the 
material was described using a 
scope, Quanta 250 FEG (FEI).

 
TABLE 1. Compositions and designations of samples

 PUR foam 

 (30 kg/m3) 

without  

additives 
U30 

+ 10 wt.% 

milled glass 

waste 

U30 (+10%) 

+ 20 wt.% 

milled glass 

waste 

U30 (+20%) 

+ 30 wt.% 

milled glass 

waste 

U30 (+30%) 

RESULTS AND DISCUSSION

The morphology (SEM) of the cullet grains after 
grinding is presented in Fig
are characterized by a rectangular shape with clear, 
sharp edges. Most of the glass particles are about 
200÷300 µm in length and 50
walls, remnants of the PVB foil
bonded to the glass by strong adhesive bonds. During 
grinding, the PVB foil melts and crumbles, which leads 
to its partial fragmentation. 

 

Fig. 2. Morphology of milled car windshield gl

The results of the performed compression tests are 
presented in Figure 3. All the 
characterized by an elastic behavior range of 5 mm, so 
they are elastic up to 10% compression. Further co
pression of the sample leads to its destruction. The tra
sition from elastic deformation to destruction is the 
least marked in the series of foams with 
30 kg/m3 (Fig. 3a). The specimen
does not show a typical inflection of the curve in the 
diagram; therefore, it can be assumed that it does not 

with the PN EN 826 standard and the structure of the 
a scanning electron micro-

Quanta 250 FEG (FEI). 

Compositions and designations of samples 

PUR foam 

 (50 kg/m3) 

PUR foam 

 (70 kg/m3) 

U50 U70 

U50 (+10%) U70 (+10%) 

U50 (+20%) U70 (+20%) 

U50 (+30%) U70 (+30%) 

AND DISCUSSION 

The morphology (SEM) of the cullet grains after 
grinding is presented in Figure 2. The glass pieces  
are characterized by a rectangular shape with clear,  
sharp edges. Most of the glass particles are about 

300 µm in length and 50÷100 µm in width. On the 
nants of the PVB foil are visible, which is 

strong adhesive bonds. During 
grinding, the PVB foil melts and crumbles, which leads 

 

Morphology of milled car windshield glass particles (SEM) 

The results of the performed compression tests are 
the PUR foam specimens are 

characterized by an elastic behavior range of 5 mm, so 
they are elastic up to 10% compression. Further com-

leads to its destruction. The tran-
sition from elastic deformation to destruction is the 
least marked in the series of foams with the density of 

specimen of pure U30 foam 
typical inflection of the curve in the 

it can be assumed that it does not 
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exhibit any clear elasticity and its destruction occurs 
when it is loaded with a force of 1÷1.5 kN. The course 
of the compression curve for the specimens
addition of milled glass is similar, but
the specimen without the addition of glass (Fig
The highest load value recorded in the compression test 
was obtained by the sample with the 10
tent (U30 (+10%)), and the lowest load for 
men without the addition of glass (U30).

For the series of specimens with densit
70 kg/m3, the compression test behavior is different 
from that of the 30 kg/m3 series, and the compression 
curves are similar to each other, regardless of the add
tion of glass. In both series, there is a difference in the 
maximum load, which was recorded for 
foam, both U50 (Fig. 3b) and U70 (Fig. 3
est load. For the U50 series (Fig. 3b) the maximum load 
is the highest for the samples with the 
glass addition. For the U70 series (Fig. 3
mum load was recorded for the specimen
wt.% glass addition. 

 
a) 

b) 

c) 

Fig. 3. Results of static compression test for PUR foams with densities 

of: a) 30 kg/m3, b) 50 kg/m3, c) 70 kg/m3 
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any clear elasticity and its destruction occurs 
1.5 kN. The course 

specimens with the 
but different from 

without the addition of glass (Fig. 3a).  
The highest load value recorded in the compression test 

10 wt.% glass con-
tent (U30 (+10%)), and the lowest load for the speci-

lass (U30). 
with densities of 50 and 

, the compression test behavior is different 
series, and the compression 

curves are similar to each other, regardless of the addi-
s, there is a difference in the 

recorded for the pure PUR 
) and U70 (Fig. 3c) as the low-

) the maximum load 
the 20 and 30 wt.% 

tion. For the U70 series (Fig. 3c) the maxi-
specimen with the 30 

 

 

 
Results of static compression test for PUR foams with densities 

Figure 4 presents the results of the compressive 
strength. The compressive strength increases with the 
density of the foam; thus, the lowest values were 
recorded in the U30 series (Fig. 4
ues in the U70 series (Fig. 4
specimens, the highest increase in shear strength was 
recorded for the specimen with 10% by weight of glass 
(Fig. 4a), where the growth
The addition of 20 wt.% causes an increase of 76 and 
the 30 wt.% content results in a rise
value of the compressive strength in the U30 (+10%)
specimen may indicate a favorable distribution of glass 
particles in the volume of polyurethane foam, contribu
ing to a significant increment 
of glass additive also raise the compressive strength, but 
not as much as the 10 wt.% additive, 
to the reduced possibility of pore growth caused by the 
increased proportion of glass particles.

 
a) 

b) 

c) 

Fig. 4. Compressive strength of rigid PUR foams for: a) U30, b) U50, 

c) U70 series, according to PN EN 826

For the U50 series (Fig. 4
compressive strength was recorded 
specimen, where the value increased by 27%. A similar 
rise in value was recorded for 

structure and mechanical properties 
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the results of the compressive 
strength. The compressive strength increases with the 

, the lowest values were  
recorded in the U30 series (Fig. 4a) and the highest val-
ues in the U70 series (Fig. 4c). For the U30 series of 

, the highest increase in shear strength was  
with 10% by weight of glass 

growth in the value was 91%.  
% causes an increase of 76 and 

content results in a rise of 61%. The high 
value of the compressive strength in the U30 (+10%) 

may indicate a favorable distribution of glass 
particles in the volume of polyurethane foam, contribut-

 in stiffness. Higher levels 
the compressive strength, but 

% additive, which may be due 
the reduced possibility of pore growth caused by the 

increased proportion of glass particles. 

 

 

 
Compressive strength of rigid PUR foams for: a) U30, b) U50,  

c) U70 series, according to PN EN 826 

For the U50 series (Fig. 4b), the highest increase in 
compressive strength was recorded for the U50 (+20%) 

, where the value increased by 27%. A similar 
in value was recorded for the 30 wt.% glass addi-
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tion, where the growth in strength was 20%. Only the 
U50 (+10%) specimen has a slight increase in compre
sive strength, less than 10%, which can be considere
ineffective. The U70 series specimens
an increment in compressive strength with an increase 
in glass content. The highest value was registered 
the sample with the 30 wt% glass addition (1083 kPa), 
and the growth in the value in rela
specimen was about 40%. The specimens
10 wt.% and 20 wt.% glass additions 
mate increase of 12%. 

Figure 5 shows the foam morphology recorded by 
scanning electron microscopy for the intermediate 
series of U50 specimens. The glass
(Fig. 5a) has pores of a regular, elongated shape 
the dimensions 200x400 µm, following the direction of 
PUR foam growth in the mold. The specimens
addition of glass are characterized by a regular, round 
 

a) 

c) 

Fig. 5. Morphology of rigid PUR foams in U50 series, SEM: a
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in strength was 20%. Only the 
has a slight increase in compres-
10%, which can be considered 

specimens (Fig. 4c) exhibit 
in compressive strength with an increase 

in glass content. The highest value was registered for 
% glass addition (1083 kPa), 

value in relation to the U70  
The specimens with the  

 have an approxi-

5 shows the foam morphology recorded by 
scanning electron microscopy for the intermediate  

. The glass-free specimen  
elongated shape with 

following the direction of 
The specimens with the 

addition of glass are characterized by a regular, round 

shape of pores, which proves that the ground glass 
affects the process of foaming and foam growth. As the 
glass content increases, the number of small pores i
side the large pores rises, possibly because the particles 
are the nucleation sites for new pore
amount of small porosities is visible in the U50 
men with 20% by weight of glass (Fig. 5
time, the large pores in the foam tend to break as the 
glass content increases, possibly
ogy of the ground glass particles, which have sharp 
edges that act as a cutting blade.

The glass particles are located at the pore border, as 
shown in Figure 6. Individual pieces of glass are 
covered with polyurethane, which forms a thin film on 
the surface of the glass. The f
of cutting the polyurethane with the glass edge during 
PUR foaming. The formation of pores very often begins 
at the corners of the glass grains.
 

b) 

 
d) 

 
Morphology of rigid PUR foams in U50 series, SEM: a) U50, b) U50 (+10%), c) U50 (+20%), d) U50 (+

shape of pores, which proves that the ground glass  
affects the process of foaming and foam growth. As the 
glass content increases, the number of small pores in-

, possibly because the particles 
are the nucleation sites for new pores. The largest 
amount of small porosities is visible in the U50 speci-

with 20% by weight of glass (Fig. 5c). At the same 
time, the large pores in the foam tend to break as the 

, possibly be due to the morphol-
s particles, which have sharp 

edges that act as a cutting blade. 
The glass particles are located at the pore border, as 

Individual pieces of glass are  
covered with polyurethane, which forms a thin film on 
the surface of the glass. The foil is frayed as a result  
of cutting the polyurethane with the glass edge during 
PUR foaming. The formation of pores very often begins 
at the corners of the glass grains. 

 

 
U50 (+30%) 
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Fig. 6. Single glass grain in U50 (+30%) specimen, SEM 

CONCLUSIONS 

The proposed method of recycling car windshield 

glass, contaminated with PVB foil, is effective and ena-

bles effective waste management. The mechanical recy-

cling of car windows is a multi-stage process that re-

quires the use of high-energy mills to obtain grains 

below 0.5 mm. The use of milled glass as reinforcement 

in rigid PUR foams intended for sealing and filling con-

structions is beneficial and raises the compressive 

strength. The most significant growth in foam strength 

was achieved by the PUR foams with the density of  

30 kg/m
3
, which results from the favorable distribution 

of glass particles in the foam. For the PUR foams with 

the density of 50 kg/m
3
, the best effect was achieved 

with the 20 and 30% by weight additions of glass.  

For the foam with the density of 70 kg/m
3
, the best  

effect of augmenting the compressive strength was ex-

hibited by the specimen with 30% by weight of glass.  

The glass grains are located at the pore boundaries and 

during PUR foaming, the pores are cut by the sharp 

glass edges, which contributes to an increment in the 

number of small pores in the material. It is believed that 

increasing the number of small pores at the boundaries 

of the large pores contributes to the effective rise in the 

compressive strength. The addition of ground automo-

tive glass to PUR foams is a cost effective and eco-

friendly method for improving the strength of the 

foams. 
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