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Glass fibre reinforced plastic (GFRP) scrap consisted of acrylic plastic with glass fibre reinforcement in polyester resin 

matrix was used in our experiments. The multi-functional DS-series disintegrator mills were used for mechanical 

processing of GFRP scrap. Preceding from the results characterization of the milled powder particles size, shape and 

other properties the numerical algorithm for modelling of the density of the new filler material was developed. The main 

goal of the current study is to develop new particulate filled composite plastic material from recycled GFRP scrap. With 

recovered plastic powder material the higher filler content in polyester resin matrix can be achieved. The new composite 

is modelled on basis of the properties of new material. Such an approach requires tests of the new material. The 

considered target characteristics of the new material are the tensile strength, elongation at break and the cost. The 

multicriteria optimization problem has been formulated and solved by use of physical programming techniques and 

Pareto optimality concept. The designed new composites were manufactured in different mixing ratios of powder and 

binder agent. The strength and stiffness properties of new composite material were tested. 

Keywords: recycling, glass fibre reinforced plastic scrap, disintegrator milling, plastic powder. 

 

1. INTRODUCTION
∗

 

Composites are by their very nature mixtures of 

different materials: polymer, fibrous reinforcement (glass 

or carbon fibre) and in many cases fillers (these may be 

cheap mineral powders to extend the resin or have some 

other function, such as fire retardants) [1].  

There are several potential recycling and end-of-life 

methods for polymeric composites including pyrolysis, 

hydrolysis, chemical recycling, regrinding, and 

incineration [2]. For pyrolysis reaction 1 kg composites 

needs 2.8 MJ energy, but can provide useful energies in the 

different forms of liquefied natural gas (LPG), fuel oil and 

composite fillers [3]. Consequently, the energy recovery of 

composite structures ideally obtainable through the 

pyrolysis method is 19 MJ/kg [3]. The more complex and 

contaminated the waste, the more difficult it is to recycle it 

mechanically [1, 4].  

Mechanical recycling techniques have been investi-

gated for both glass fibre and carbon fibre reinforced 

composites, but the most extensive research has been done 

on glass fibre recovery. The technique usually used is to 

initially reduce size of the scrap composite components in 

some primary crushing process [1]. The theoretical studies 

on milling by the collision method, which were conducted 

at Tallinn University of Technology (TUT), were followed 

by the development of the appropriate devices, called 

disintegrators, and the different types of disintegrator 

milling, the DS-series systems [4]. In the mechanical 

recycling process, all of the constituents of the original 

composite are reduced in size 50 mm
 
–

 
100 mm pieces. 

The main size reduction stage would then be in a hammer 

mill or other high speed mill where the material is ground 
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into a finer product ranging from typically 10 mm in size 

down to particles less than 50 μm in size [1]. 

Typically the finer graded fractions are powders and 

contain a higher proportion of filler and polymer that the 

original composite. The coarser fractions tend to be of a 

fibrous nature where the particles have a high aspect ratio 

and have higher fibre content [1]. 

Among the other mechanical direct contact milling 

methods (ball-milling, attritor milling, hammer milling, 

etc.) the plastics and composite plastics can be reprocessed 

by the collision method [5]. The theoretical studies on 

milling by the collision method, which were conducted at 

TUT Disintegrator Laboratory, were followed by the 

development of the disintegrator mills and centrifugal air-

separation systems [6, 7]. 

Fillers are widely used in thermosets, thermoplastics 

and elastomers [8, 9]. However, in recent years it has 

become more widely recognized that fillers can enhance 

the manufacturing and mechanical properties of com-

pounds [10, 11]. Current estimates put the global market 

for fillers at between 12 and 18 million tonnes annually 

[12]. For ideal filler, the characteristics should include 

following: a low cost, the availability, a good wetting and 

bonding surface a good chemical resistance characteristics 

[9, 13]. Originally, their main function was seen as 

reducing the cost of the compound, by filling the 

thermoplastic or thermosetting resin matrix. One of the 

targets for particulate fillers is also to decrease the weight 

of the manufactured composite part. 

The problem considered consists of three objectives: 

the tensile strength and elongation at break subjected to 

maximization and the cost of the materials subjected to 

minimization. 

The  main  goal  of the current study is to develop new  
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composite material with optimal physical and mechanical 

properties. 

2. EXPERIMENTAL 

2.1. Materials and methods 

The cut-off technological edges of the polymethyl-

metaacrylate (PMMA) sheet material, then vacuum formed 

and reinforced with GFRP in the matrix of the polyester 

resin, were used as technological scrap. The main physical 

and mechanical properties of milled PMMA+GFRP plastic 

scrap were as following:  

– for the PMMA surface layer: the tensile strength 

78 MPa, modulus of elasticity 3.33 GPa, and density 1200 

kg/m
3

.   

– the properties of the GFRP reinforcement (30 wt.% 

in polyester resin matrix) were: tensile strength 75 MPa, 

modulus of elasticity 7.70 GPa, and density 1700 kg/m
3

.  

The composite plastic plates of PMMA+GFP prelimi-

narily cut into pieces with the dimensions of length 

100 mm, width 100 mm and thickness 5 mm, were reproc-

essed by the mechanical method of milling by collision. 

The reprocessing technology of the composite plastics 

in disintegrators consisted of three stages: 

– preliminary milling of the composite plastic 

PMMA+GFP by the DSA-158 disintegrator in the 

conditions of direct milling (sieving was used to separate 

the glass fibre from the milled material); 

– intermediate milling for the size reduction in the 

DSA-2 disintegrator in the conditions of multi-stage 

milling (powder samples for sieve analyses were taken and 

percentage of the separated glass fibre was determined); 

– final milling to remove the glass fibre from the 

milled material was performed by the DSL-115 

disintegrator system applying the direct selective milling 

conditions 

The material preliminarily crushed was suitable for 

direct milling in the DSA-2 disintegrator. To estimate 

grindability, the specific energy of treatment was used. The 

distribution of the particle size was described by the 

modified Rosin-Rammler distribution function [6]. 

2.2. Characterization of milled product 

The separated PMMA powder was classified by 

sieving to 5 volume fractions: (0
 
–

 
0.16; 0.16

 
–

 
0.32;  

0.32
 
–0.63; 0.63

 
–

 
1.25; 1.25

 
–

 
2.5) and these fractions were 

analyzed separately. The size and shape of the separated 

PMMA powder fractions were determined by different 

methods: the sieving analysis (SA) and image analysis 

(IA). To evaluate the granularity of coarse powder (having 

the particle size more than 50 μm), the sieving analysis 

(SA) was used [5]. The distribution of the particle size is 

adequately described by the modified Rosin-Rammler 

function as the applied method [6].  

To characterize ellipticity, the aspect ratio AS (similar 

to elongation in literature) was calculated by equation: 

AS = a
 

/
 

b
 
,   (1) 

where a and b are the axes of the Legendre ellipse (the 

ellipse is an ellipse if it has its centre in the object’s 

centroid with the same geometrical moments up to the 

second order as it is with the original object area).  

To characterize the irregularity or the surface smooth-

ness; the value of roundness RN was calculated by [14]: 

RN = P
2

/4πA.  (2) 

(The roundness of the circle equals to one, if the object 

shape approaches the line segment, which approaches 

zero) [14].  

The obtained aspect value is an important parameter 

for calculating the specific surface area of the particles of 

the tabular shape. Two proportionality constants for the 

particle shape were used (6 for the spheres and the AS 

value for the tabular-shaped particles) [5]. The specific 

surface area of the fractions (0
 
–

 
0.16; 0.16

 
–

 
0.32;  

0.32
 
–

 
63; 0.63

 
–

 
1.25; 1.25

 
–

 
2.5) was calculated on the 

basis of formula [13]. 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

= ∑

m

X

dWK

SSA

ρ

, (3) 

where SSA is the surface area in m
2

/g, K is the 

proportionality constant for the particle shape (spheres = 6, 

blocky and tabular = about 12), dW is the mass increment 

in grams, ρ is the density g/cm
3

 and 
m

X  is the average 

particle size of mass. 

2.3. Preparation of composite materials 

The mixtures of composite material were made in dif-

ferent compositions of fine (0 mm
 
–

 
0.16 mm) and coarse 

filler (1.25 mm
 
–

 
2.5 mm) materials and polyester matrix 

resin. To assure homogeneous mixtures and to avoid air 

entrapment the vacuum mixing technology was used. The 

vacuum mixed composite was casted into one-sided 

silicone moulds and de-moulded after 12 hours curing. 

Firstly, to study the effect how post-cure temperature is 

influencing the mechanical properties of composite plastics 

the batch of specimens was manufactured with 50 wt.% of 

resin content and ratio of fine (0 mm
 
–

 
0.16 mm) and 

coarse filler (1.25 mm
 
–

 
2.5 mm) fractions was 1/1. Then, 

first group of the specimens were post-cured at room 

temperature 20
 
°C and second group was post-cured in the 

oven at 50
 
°C for 12 hours. Secondly, the composite 

materials were manufactured with different resin/filler 

ratio. Thirdly the ratio of fine (0 mm
 
–

 
0.16 mm) and 

coarse filler (1.25 mm
 
–

 
2.5 mm) fractions was changed. 

These tests were intended to study the influence of the 

resin/filler ration to the mechanical properties of the 

composite material. After post-curing the top surface and 

edges of specimens were grinded and polished. 

2.4. Mechanical testing of new composites  

The mechanical properties of experimentally 

manufactured new composite materials were tested. 

Mechanical properties of the polymeric materials are 

mainly defined by tensile strength of the material. The 

tensile strength of the composite materials mainly depends 

on the adhesion strength between the matrix and 

reinforcement material.  

Tensile test of composite plastic materials was 

performed according to standard EN ISO 527-1:2000. The 
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mechanical properties, such as tensile strength, elongation, 

modulus of elasticity were determined. Specimens for 

tensile test were prepared according EN ISO 527-2:2000 to 

type 1B. The cross-sections of the specimens were 

measured with calibrated calliper gauge with measurement 

accuracy 0.01 mm. The axial extensometer with the gauge 

length of 50 mm (travel +50 % to –10 %), was used to 

measure axial strain in the specimen. The applied testing 

system was the servo hydraulic testing machine Instron 

8800. The tensile tests were performed with loading rate 

2 mm/min, tolerance ±20 %. From manufactured composi-

tions of the new composites the 5 specimens of each batch 

were selected and tested to get average values of the 

mechanical properties. 

2.5. Modelling of new composite 

In the following the new composite is modelled on 

basis of manufactured new composite materials. The 

considered target characteristics of the material are the 

tensile strength and elongation at break. Another important 

factor is cost of the new material. The combination of 

fractions of the PMMA powder, the mixing ratio of 

fractions and the mixing ratio of resin and powder are 

considered as design variables. The relation between the 

objectives and design variables is modelled on the basis of 

the experimental data. The response surface has been 

composed by use of artificial neural networks [15]. Real-

coded genetic algorithm in combination with gradient 

method is utilized for finding global extreme values of the 

objective functions [16
 
–

 
20]. One simplified approach is to 

use the combination of fractions of the PMMA powder, the 

mixing ratios of fractions obtained in [5] and consider the 

mixing ratio of resin and powder as design variable. Five 

fractions (size in mm 0
 
–

 
0.16; 0.16

 
–

 
0.315; 0.315

 
–

 
0.63; 

0.63
 
–

 
1.25; 1.25

 
–

 
2.5) of the recycled PMMA powder 

were used to prepare the mixtures of the filler materials. In 

[5] two key factors, density of the filler material and the 

specific surface area, are considered in modelling of new 

composite. The first factor – density of the filler material 

should be maximized and the second factor – specific 

surface area should be minimized in order to reduce the 

amount of the resin used i.
 
e. the price of the new 

composite.  

However, the maximal density and minimal specific 

surface area of the filler material are concurrent objectives 

and the results of the optimization problem posed in [5] are 

given as Pareto frontier. These points of the Pareto frontier 

correspond in general to different values of the optimality 

criteria considered in the current study (the tensile strength 

and elongation at break). Moreover, maximal density of 

the dry powder may be not in unique accordance with that 

in mixture of new material (powder amount in new 

material depends on specific surface area, roundness, 

aspect ratio, etc).  

3. EXPERIMENTAL RESULTS AND 

DISCUSSION 

3.1. Tensile test 

To study the effect how post-cure temperature 

influences the mechanical properties of composite plastics 

the batch of specimens was manufactured with 50 wt.% of 

resin content and ratio of fine (0 mm
 
–

 
0.16 mm) and 

coarse filler (1.25 mm
 
–

 
2.5 mm) fractions was 1/1. After 

manufacturing the batch of specimens was divided into 

two groups. The first group was intended for post-cure in 

the oven at 50
 
°C for 12 hours and second one at room 

temperature 20
 
°C for 12 hours. The results of the tensile 

strength test showed that the post-curing at higher 

temperatures will increase tensile strength and modulus 

while elongation at break decreases (see Table 1). As the 

influence of post-curing temperature was clarified with 

testing the first tensile tests the specimens manufactured 

with second and third batch were post-cured in the oven at 

50
 
°C for 12 hours.  

Table 1. Chemical composition 

No. 

Post-

cured at 

50
 

°C 

Post-

cured at 

20
 

°C 

Stress, 

MPa 

Strain, 

% 

Tensile 

modulus, 

MPa 

1 – 12 hours 9.6 1.1 1300 

2 12 hours – 18.0 0.5 3900 

 

The tensile strength results of composite plastic 

materials with different resin wt.% and ratio of fine  

(0 mm
 
–

 
0.16 mm) and coarse filler (1.25 mm

 
–

 
2.5 mm) 

fractions are presented in Fig. 1. 
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Fig. 1. Tensile strength of composite materials 

The best tensile strength 19.7 MPA with tensile 

elongation at break 0.6 % belonged to the mixed composite 

consisting of 45 mass
 
% of resin and 55 mass

 
% of PMMA 

filler material (50 % of fine and 50 % of coarse fractions).  

3.2. Surrogate models 

A common technique for reducing computational cost 

in optimal design problems is to use surrogate models for 

the approximation of the objective and constraint func-

tions. In this paper the surrogate models are used to guide 

the search towards a global optimum. The neural networks 

are applied for the approximation of the elongation at 

break and tensile strength of the material. An approach 

suggested is based on use of a two-layer network. The first 

layer has radbas neurons and the second layer has purelin 

neurons. In order to calculate the outputs for a concurrent 

set of input vectors, a network simulation function sim was 

employed. Using outputs generated by function sim the 

response surface was depicted. The obtained surface 

models corresponding to the elongation at break and 

tensile strength of the PMMA powder materials are given 

in Fig. 2 and Fig. 3, respectively. 

In Figs. 2 and 3 the combination of fractions of the 

PMMA  powder  is  fixed  (in order to keep 3D figure)  and 
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Fig. 2. Objective )(
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xF  – elongation at break 
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Fig. 3. Objective )(
2
xF  – tensile strength 

the dependence of objectives is shown with respect to the 

mixing ratio of fractions and the mixing ratio of resin and 

powder.  

3.3. Optimal design 

The problem considered above contains three 

objectives: the elongation at break and tensile strength 

subjected to maximization and the cost of the materials 

subjected to minimization. Thus, the multicriteria 

optimization problem can be formulated as 

))(),(),(min()(
321
xfxfxfxf = , (5) 

subjected to linear constraints  

,

*

ii
xx ≤       ,

*ii
xx ≤−  ,      ni ,...,1= ,  (6) 

where )(
1
xf  and )(

2
xf  stand for the elongation at break  

and tensile strength (taken with minus sign) and )(
3
xf  for 

the cost of the materials, respectively. It is also assumed 

that the objectives are normalized as  

)(min)(max

)()(max

)(

11

11

1

xFxF

xFxF

xf

−

−

= ; 

)(min)(max

)()(max

)(

22

22

2

xFxF

xFxF

xf

−

−
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3

xFxF

xFxF

xf

−

−
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since the magnitudes and the units used to measure the 

objectives are different. Note, that the formula for com-

puting )(
3
xf  differs from those for computing )(

1
xf  

and )(
2
xf , since the objective )(

3
xF  is subjected to mini-

mization, the objectives )(
1
xF  and )(

2
xF to maximiza-

tion, respectively. The design variables considered are the 

combination of fractions of the PMMA powder, the mixing 

ratio of fractions and the mixing ratio of resin and powder. 

Analysing the behaviour of the objectives considered 

above it can be concluded that contradictionary behaviour 

can be perceived between the tensile strength and cost, also 

between the elongation at break and cost. However, the 

tensile strength and elongation at break behaves similarly. 

In that reason in the following the two objectives – tensile 

strength and elongation at break are combined into one 

objective employing the weighted summation and 

compromise programming techniques. The relationship 

between the two combined criteria and cost (third criteria) 

is clarified by use of Pareto optimality concept. 

According to the weighted summation technique, all 

the criteria are scaled, multiplied by weights and summed 

into the general objective 
ws
f as 

∑

=

=

m

i

i
f

i
w

ws
f

1

,  (8) 

where m is the number of the optimality criteria used, w
i
 is 

the weight of the i-th criteria and 

∑

=

=

m

i

i

w

1

1,       10 ≤<
i

w . (9) 

The tensile strength and elongation at break are 

combined into one objective, thus m = 2.  

The objective function in compromise programming is 

defined as the family of distance functions 

( )

c

m

i

c

iicp
dwf

/1

1
⎥

⎥

⎦

⎤

⎢

⎢

⎣

⎡

= ∑
=

, (10) 

where w
i
 weights the importance of the discrepancy 

between the i-th objective and its ideal value and c reflects 

the importance of maximal deviation from the ideal 

solution. Obviously, if c = 1 the formula (10) reduces to 

formula (8), i.
 

e. the compromise programming includes 

the weighted summation technique as a special case. If 

c > 1, then the larger distances from an ideal solution are 

penalized more than smaller distances.  

As mentioned above the contradictionary behaviour 

can be perceived between the tensile strength and cost, also 

between the surface hardness and cost. This is the case 

when use of Pareto optimality concept is justified. 

The multiple criteria analysis (MCA) techniques 

considered above (see [18] for details) are based on 

combining multiple objectives into one objective and 

solving the latter problem as a single objective 

optimization  problem.  Independent  of  the   methodology  

Elongation at break 

Tensile strength 
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Fig. 4. The combined objective )(xf
cp

 versus cost 

 

how the objective functions are combined into one 

objective, such an approach has some drawbacks. Namely, 

the relative importance of the objectives is not generally 

known and the evaluation of the weights is complicated.  

As an alternate approach, the Pareto optimality 

concept can be used according to which all solutions on the 

Pareto front are optimal (the Pareto front represents the set 

of all “non-dominated” points). The Pareto front of the 

combined objectives (10) and cost is given in  Fig. 4. 

Obviously, the Pareto front of the objective functions 

does contain more information than the physical program-

ming approaches discussed above. The shape of the Pareto 

front provides valuable information. However, the selec-

tion of an optimal solution is still complicated and depends 

on a number of factors, like the specific problem consid-

ered, additional information available, etc. [19
 

–
 

21].  

4. CONCLUSIONS 

Mechanical reprocessing is continually the most 

commonly used technology for recycling thermosetting 

composite plastics. The reprocessing of the composite 

PMMA+GFP plastic scrap by using disintegrator milling 

will enable to produce the acrylic plastic powder with a 

determined granularity and technological properties (the 

apparent density). 

The results of the tensile strength test showed that the 

post-curing at higher temperatures will increase tensile 

strength and modulus while elongation at break decreases. 

The new composite is modelled on the basis of the 

properties of manufactured new composite materials. The 

target characteristics of the material considered are the 

tensile strength and elongation at break. Another important 

factor is cost of the new material. The combination of 

fractions of the PMMA powder, the mixing ratio of 

fractions and the mixing ratio of resin and powder are 

considered as design variables. The relation between the 

objectives and design variables is modelled on the basis of 

the experimental data. The surrogate models are used to 

guide the search towards a global optimum. The neural 

networks are applied for the approximation of the 

elongation at break and tensile strength of the material.  

The problem considered is consisting of three 

objectives: the tensile strength and elongation at break 

subjected to maximization and the cost of the materials 

subjected to minimization. Analysing the behaviour of 

objectives considered it has been concluded that the 

contradictonary behaviour can be perceived between the 

tensile strength and cost, also between the elongation at 

break and cost. The relationship between the combined 

criteria (elongation at break and tensile strength) and cost 

is elucidated by use of Pareto optimality concept. Real-

coded genetic algorithm in combination with gradient 

method has been utilized for finding global extreme values 

of the objective functions. The sensitivity analysis showed 

that the objective functions are most sensitive with respect 

to the mixing ratio of resin and powder. 
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