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List of symbols and abbreviations

A area of the studied particle, r elongation after fracture, %

Ao initial cross-section area

Ay final cross-section area

ABS acrylonitrile-butadiene-styrene

AS aspect ratio, ellipticity of the particle, ratiotiveen major and minor axes of
the Legendre ellipse

ASTM American National Standards Institute
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BMC bulk moulding compound

CRT cathode-ray tube

dso the median diametek, (the median of the mass density function of Rosin-
Rammler)

di the diameter of the circle with an equal particieaa

dm the arithmetic mean of length of number of diangetaken at 5° intervals
around the center of the mass blob in ImagePresyst

O’ volume diameter is calculated on the basis of flaéepshape formula of the
particles

DP dispersion, irregularity of the particle

aw the mass increment in grams

E modulus of elacticity, MN/mm

Es specific energy of grinding in disintegrator milMh/t; depends on
disintegrator construction

EL elongation, ellipticity of the particle
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INTRODUCTION

Recycling of materials are becoming increasinglpanant as industry response to public
demands that resources be conserved and the emé@nbnbe protected. Recycling of
composite- and compounded plastic scrap as weth@t-materials has become an urgent
issue. One of the ways of recycling plastic scragoi produce powdered materials from
technological scrap and end-of-life products.

Composites are most commonly produced by compmssigection, manual or continuous
processes combining thermosetting synthetic rgmiyéster, vinylester or epoxy resin) with
reinforcing materials (glass, natural and carbbre§ or fabrics).

The generation of wastes takes place in each meamuafag plant. Every producer should
manage their waste effectively to protect the emriment from contamination.

According to the EU waste directives, the waste agament hierarchy is the following: 1)
prevention, 2) reuse, 3) recycling, 4) energy recgy 5) incineration without energy
recovery, 6) landfill [1]. As it follows from diréwes 2000/53/EC on ELV and 2002/96/EC
on WEEE, producers are responsible for the envisorinprotection during the product
lifecycle [2]. Producers should form the produceesponsibility organizations to manage the
collection and recycling of the post-consumer prisiuConsequently, there are two options
to meet these requirements: firstly, to extend phmeduct lifecycle combining durable
materials with the durable design; secondly, teedtthe lifecycle of materials by reducing
the environmental impacts related to the manufacind transportation of these materials.
The second aspect of it is to use it as a secondavymaterial for producing sustainable
products [3]. Finding a solution to the recovefyre plastic scrap from production will help
to recycle the end-of-life products in the futudg. [Re-use and recycle strategies for plastic-
based products can yield significant environmehtalefits [5]. Plastics make an increasing
part of our lifestyle (way-of-life) and those whearn properly to utilize plastics based on the
design concept applied through the end-of-life céng will gain a competitive advantage in
the global marketplace [6].

The theme of this thesis was set up for the indalgtriterest of the Estonian manufacturing
companies of bathroom equipment. According to thiswpoint, composite plastic scrap is
of a low volume weight and thus has to be previpgslished to save the transportation and
landfill costs.

Main objectives of the current study

1. To carry out the study on the reprocessing obl@matic plastic scrap (composite plastics,
compounded plastics and multi-materials) using raeidal methods, milling by collision.
Recovery of the obtained secondary plastic proguttt optimisation of technology for the
production of plastic powders with the determinedperties (granularity, morphology and
technological properties).

2. To develop a new filler material of the PMMA gli@ powder with optimal density and
also good properties of flowability for designingw products by using the technologies of
numerical modelling, mechanical testing and expental manufacturing.

3. To establish the collecting, sorting, reproaggsnd recovery system of plastic wastes in
Estonia; achieve the expected targets of the nahteeicovery provided by the WEEE
directive of the European Union.
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1. REVIEW OF THE LITERATURE

1.1. Plastic composite wastes

Almost 85% of the polymers produced worldwide dnertoplastics (TP). They can be
divided into two broad classes, amorphous and aitiyst thermoplastics, depending on their
characteristic transition temperature. Over 70%hef total production of thermoplastics is
formed by a large amount of low-cost commodity mesipolyethylene (PE) of different
density, isotactic polypropylene (PP), polystyré¢@&) and polyvinyl chloride (PVC). Next in
performance and cost are acrylics, acrylonitrileadiene-styrene (ABS), terpolymers,
polymethylmethacrylat (PMMA) and high-impact polysine (HIPS). Engineering plastics,
such as acetalpolyamides, polycarbonate, polyesters, polyphemylexide and the blends
thereof, are increasingly being used in high-penfonce applications [7, 8, 9, 10, 11].
Common thermosetting resins are unsaturated pelgegihenolic resins, amino resins, urea/
formaldehyde resins, polyurethanes, epoxy residssdicones [7, 12, 13, 14].

Many combinations of reinforcements and plasties wged by the plastic industry to affect
the diversity of performance and cost charactegsfThey may occur in a layered form, such
as the typical thermosetting (TS) polyester-impeggd fibreglass mat, or in the form of
fabric and moulding compoundsuch as fibreglass or cotton-filled/TS polyestdte Tnline
compounds are prepared by injection moulding oruetihg with the short and long glass
fibre (and other fibres). For an example, a chopgleds fibre can be fed into an injection
moulding machine or a single to twin screw extrugbere the thermo plastic (TP) is melted
and bonded to the fibres providing an excellent .niReinforcements can significantly
improve the structural characteristics of TP or plstics. They are available in the
continuous and chopped forms of different lengththey appear in the non-continuous form
(whiskers, flakes, spheres, etc.) to ménet needs otlifferent properties and/or processing
methods. Fibreglass represents the major mates&al in reinforced plastics (RP) worldwide.
The reinforcements can allow the RP materials tdaiered to the design or the design
tailored to the material3 he reinforced fibres used in a large-scale pradndbday are those
of glass, cotton, cellulose, sisal, jute and nylbhne fibres reinforcing special properties are
those of carbon, graphite, boron, aramid, whislkers steel. The fibres of RP are primarily
used for reinforcing resins by transferring stresseder the applied load from the weaker
resin matrix to the much stronger fibre. Plasticsvgle a valuable and versatile material for
matrices, but other materials, such as metalspgesaand cements, are also used as matrices
for the reinforcement of fibrousomposites. For an efficient stress transfer of Rie,
elongation of the fibre must be less whereas itthess modulus higher than those of the
matrix. The stress transfer along with the all-imaot fibre/matrix interface can be improved
by the use of sizing, binders or special coupliggras. The diameter of the fibre also plays an
important part in maximising the stress transfenalter diameters provida greater surface
area of the fibre per mass unit to aid the stmressster in a given reinforcement context [15].
Based on the recent research [16-26], it is clear all types of plastics can be recycled to
some extent by one process or another. It is ggedar, however, that there is no single
method, which could provide a universally workabtdution. A sensible recycling policy
(applied toany material) will probably involve different appches. This leads to a general
policy regarding the use of materials and involviaggrowing support for a cascade
philosophy, which assumes that materials have la-tpigde first use, followed (possibly) by a
lower-grade second use, after which they may bpodied of by safe incineration with the
recovery of energy, thus providing a three-folddfénf15, 27].

Thermoplastic matrices can be re-melted and re-comged with some possible loss of
mechanical properties due to the thermal degradatiche matrix and the breakage of the
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fibre reinforcement into shorter lengths. Thermssstich as GFP (the polyester resin matrix
with the glass fibre reinforcement), are crossdihkand therefore cannot be re-melted, but
can be ground to a fine powder, which is an eféectiller in new compounds [15, 28].

If the reinforced plastic is granulated, its preadslity and performance when reprocessed
into any other product are significantly or insiggantly reduced. Thus, it is important to
evaluate the properties tie recycled material. A reduction in size and amifity exerts a
substantial influence on the quality of recycleshi@ced plastics [15].

1.2. Recycling of plastic materials

After the first oil price shock of the 1970s, plastecycling gained attention, and soon it
became apparent that the definitions and nomemelatti recycling commodities did not
apply adequately to the collection and recyclinglaistics. Recycling refers to reprocessing
and re-fabrication of the material that has beesdwsd discarded by a consumer and would
otherwise be destined for disposal as solid wdste.regrind is normally consumed (reused)
within the manufacturing process and thus, it ispaot of the solid waste problem [29].

An authoritative source of terminology and defmits applicable to plastic recycling is
ASTM International standard D5033-00, which dessithe following [15, 30]:

Primary recyclingis the “processing of a scrap plastic product iatg@roduct with the
characteristics similar to those of the originadgurct”.

Secondary recyclings the “processing of a scrap plastic product iatproduct with the
characteristics different from those of the ori¢jimeduct”.

Tertiary recycling isthe “processing of basic chemicals or fuels fragregated plastic scrap
or plastic material that is part of a municipal teastream or of any other source”.

Quaternary recyclings the “useful retrieval of the energy contentsofap plastic by its use
as a fuel to produce products, such as steamrielggtand so forth”.

Primary and secondary recycling are often refeteechis mechanical recycling since the
principal recycling processes involve the cleanamgl separation of plastics by mechanical
rather than chemical or thermal means.

Finally, there is the subject of the post-consuaret pre-consumer plastics whose definitions
are included in ASTM D5033-00:

Post-consumer plasticthe plastic material of a finished product that hseved its
independent purpose, and has been diverted oreesbirom the phase of disposal, having
completed its lifecycle as a consumer item [15;.30]

Pre-consumer plastic*the plastic materials diverted from a waste strefollowing an
industrial process, but excluding the reutilizatadrthe materials, such as the rework, regrind
or scrap generated in the process and capablaraf beclaimed within the same process [15,
30]".

The termplastic scrapis sometimes used to cover both, the post-consamepre-consumer
plastics. The definitions above are in line witle fhosition of recycling industry, assuming
that scrap destined for recycling is not waste PIR,29]".

When plastic scrap serves the purpose of prodwdiegical energy or meeting the material
needs of another industry, the final result isezhthe integrated resource management across
industries (IRM). This is becoming a long-term gaalthe world. The goals of IRM are
resource conservation, waste minimization and gsgytowards theustainable development.
Figure 1.1 shows a general classification of resmananagement options of plastic scrap.
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Plastic Scrap

Mechanical Feedstock Energy recovery Managed landfill
recycling recycling
Primary Liquefaction Waste—to— MSW
energy
Secondary . :
Gasification Process Industrial/
engineered fuel commercial
Chemical
recycling

Figure 1.1 Resource management options of plastapg3]

Many of the recycling technologies [31, 32, 33, 3%jvered in previous Fig. 1.1 are
applicable only to thermoplastics. Since thermasgtplastics cannot be readily dissolved,
melted, re-compounded and reshaped like thermagdastifferent mechanical recycling

strategies are required [35]. During the past decdlde following strategies have been
extensively studied with a significant success: t{i® grinding of thermosetting plastics to
fine powders that can be used as the fillers in tie@vmosetting resins or thermoplastic
composites; (2) similar to (1) with an additionaladternative strategy of using a controlled-
size reduction in liberating and recovering thegioidl fillers or reinforced fibres in the

thermosetting resin that may, in fact, be of a arglalue than the original matrix resin. The
approaches to mechanical recycling, such as tleesé&jbute much to the chemical recycling,
the recycling process of thermal feedstock, suclgassfication and liquefaction and the
processes of energy recovery [16, 36, 37].

1.2.1. Trends in the technologies of plastic recycl ing

The reprocessing and re-fabrication of post-consupiastic scrap into useful products
requires several steps: collection, handling/sgrtimeclamation/cleaning and end-use
fabrication [29]. The cost of separate collectiaesconsiderably higher than those of
traditional mixed collections. Some plastics argyetp sort by shape, number or physical
characteristics and can be reformed into the amlgapplication. Much interest has been
expressed in the possibility of developing safe amible additive systems which could act
as markers in post-consumer plastic products [9848]. The relatively pure materials (one
type of plastic resin) can also be used to makdymts that are not the same as originals, but
are nevertheless quite valuable. The bottles mddeolyethylene-terephthalate (PET) are
being recycled to fibres. The bottles made of PBUld also be used as the partial and
complete substitutes for sand in concrete compo$de]. PVC floorings as post-consumer
plastic waste can be mechanically recycled fromfone in which it was recovered, without
upgrading and without the addition of a new plastic Gluing makes mechanical recycling
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less favourable thanks to a troublesome dismandimdjto a high-degree contamination with
the glue [37].

After sorting, the plastic materials are usuallgmbed into small flakes of about the size of 1-
2 centimetres. The flakes are then treated by stdvend washed to remove contaminants.
The environmental pollution generated in the clegraf these plastics is strongly influenced
by their source, i.e. a non-selective collectioM8W. Therefore, the collection of wastes by
the curbside system (selective collection) coulduce the need for cleaning agents and
reduce the emission of some pollutants, therebyaiad the costs of the treatment units [26].
The carefully sorted recycled material is oftenreaéd into pellets, so that the re-fabricator
will be able to use the traditional processing pmqent for making the finished parts [29].
Most recycled plastic types are inferior substgute virgin materials used as input in the
original manufacturing process, and markets fogimiresins and recycled scrap plastic are
somewhat different [42]. In contrast to most higheame countries where environmental
legislation has usually been the driving force hdhthe development of the recycling
industry, the recycling sector in India has devetbputonomously because of the particularly
low cost of labour and on account of the fairlyglmarket for second-grade (lower-quality)
products. Recycled products are available at a @@&-tower price than the same products
manufactured from virgin plastics [43].

Thermosetting materials can also be part of thé€idt category in the plastics recycling
system. Most people consider thermosetting plastite non-recyclable because they cannot
be re-melted and therefore, reformed into the palgproducts. Many materials are recycled
into products other than their original form andreaver, some are recycled without ever
been melted, therefore the possibility of recyclthg thermosetting plastics still exists [29,
34]. This type of recycling has been demonstratgdubing several different types of
thermosetting materials. In these applicationgntlosetting plastics are ground into powders
and then used as the fillers in other products.ifstance, the ground rubber tires are used
successfully with polyolefin blends and the crasg&dd PE is used with the virgin HDPE to
make tote bins, the wheels for carts, trays andetgsalThe mechanical properties of the
products produced by using thermosetting fillels @amly slightly less than those superior to
the properties of virgin materials [29, 44].

Composite materials can also be recycled, evengthdbhe composites are often made of
thermosetting resins and they comprise the addedplkecation of the reinforcing agent.
However, the parts made of sheet moulding compd@8MIC) and bulk moulding compound
(BMC), which are made of thermosetting polyestahwie glass reinforcement and inorganic
fillers, are recycled by grinding the parts andntluising the resultant granules as the filler in
other SMC/BMC mixes or in the polyolefin mouldingrepounds. The presence of this
reinforcement does not seem to pose any problexegpe for the fact that the grinding of
cured material is somewhat more difficult than wibbke the case with the non-reinforced
thermosets. The properties of the parts are gdndhe same as those of the conventional
moulding compounds, provided the amount of recig0% or less. The problems that have
not as yet been fully resolved include the proceganaterials with paint or adhesive
contaminants, the control of moisture in the grated material, the segregation of various
SMC/BMC formulations to provide the material cotsmey and development of viable
SMC/BMC collection and the marketing scenarioseafycled products.

Other composite products, such as the advanced asitep and non-polyester glass-
reinforced plastics, are recycled by grinding tleenposites and then using the granules in
moulding compounds. These moulding compounds areepsed by compression moulding
and injection moulding [15, 29, 45]. The recyclicades, which are in use worldwide and the
main application areas of recycled plastics arsgmted in Table 1.1.
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Table 1.1. The recycling codes of plastics, thppliations and recycled products [37, 46]

=)

c

A4

IS,

g

Code Description Application Recycled products
Polyethylene-| Plastic soft drink bottles, peanut Fibre, tote bags, clothing, filn
£ A terephthalate | butter, pickle, jelly and jam jars| and sheet, food and beverag
(PET, The ovenable film and ovenable containers, carpets, strappin
PETE). food trays. fleece wear, luggage and
bottles.
/N, | High Density | Milk, water, juice, cosmetic, Liquid laundry detergent,
(A Polyethylene | shampoo, dish and laundry shampoo, conditioner and
(HDPE). detergent bottles; yogurt and | motor oil bottles; pipe,
margarine tubs; cereal box buckets, crates, flower pots,
liners; grocery, trash and retail | garden edging, film and sheet,
bags. recycling bins, benches, dog
houses, plastic lumber, floor
tiles, picnic tables, fencing.
Polyvinyl Clear food and non-food Packaging, loose-leaf binders,
f;\ Chloride packaging, medical tubing, wire decking, panelling, gutters,
D (PVC) and cable insulation, film and | mud flaps, film and sheet,
sheet, construction products — | floor tiles and mats, resilient
pipes, fittings, sidings, floor flooring, cassette trays,
tiles, carpet backing and windowelectrical boxes, cables, traff
frames. cones, garden hose.
N Low Density | Dry cleaning, bread and frozen Shipping envelopes, gar_bage
2N Polyethylene | food bags, squeezable bottles. | can liners, floor tile, furniture
(LDPE) film and sheet, compost bing
panelling, trash cans,
landscape timber, lumber
Polypropyleng Ketchup bottles, yogurt Automobile battery cases,
£.5 (PP) containers and margarine tubs, signal lights, battery cables,
medicine bottles, bread and brooms, brushes, ice scrape
frozen food bags. oil funnels, bicycle racks,
rakes, bins, pallets, sheeting
trays.
/. | Polystyrene | Compact disc jackets, food Thermometers, light switch
[EAY (PS) service applications, grocery | plates, thermal insulation, eg
store meat trays, egg cartons, | cartons, vents, desk trays,
aspirin bottles, cups, plates, rulers, license plate frames,
cutlery. foam packing, foam plates,
cups, utensils.
Other Use of this code indicates that | Bottles, plastic lumber
VA the package is made with a resjrapplications.
A other than the six listed above, or

is made of more than one resin

listed above, and used in a mulri-

layer combination
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1.2.2. Reprocessing technologies

When planning to develop a recyclable productsitimportant to rely on the life-cycle
analysis of the product, which would cover its imip@an the environment, from the
production stage of raw materials to the proces#fhgcation stage, through the useful stages
of the product life cycle up to the methods of nemy or disposal. The majority of
reprocessing and recycling technologies are deedldpr plastics packaging materials [47].
Different systems are applied to different materemhd products, which are based on the type
of plastic, its matrix, thickness, the degree ofdhass, etc. These include mechanical
granulators, hammer mills, energy recovery systéhesthermal reclamations of energy), the
systems of chemical recycling and others. Matesegaration may be based on magnetic,
electrostatic, density, visual, or other charastes. A series of magnets may be used to
remove ferrous metals from conveyors. While separaif ferrous and nonferrous metals is
well-developed, the research into glass and pksgparation is urgently needed.

The granulators are used predominantly, they ara different size and type; they process
both, thin and thick reinforced plastics. If largad thick reinforced plastics are to be
granulated, two or more granulators are used toicedyradually their size, so that the
minimum damage will occur to the fibres, they empsdinat overheating is minimized,
particularly with the reinforced thermosetting pies. A cascading action occurs when
granulating the thick scrap, thus the next graoulatll further reduce the output from the
first granulator. In case of granulating the reméa thermoplastics or reinforced thermosets,
their fibre lengths are reduced. This fibre reductvill reduce the property performance. The
reduction is related to the original lengths, tegrge of uniformity in cut lengths, the type of
resin, etc. The actual amount of the negative amfte on processing the recycled material
depends on the method of granulation (such as esérty thermoplastics during the cutting
action, in particular), the amount of microscopietat from the cutting metal blades, and the
size as well as the shape of granulated materiah(as fine to coarse, powdered to shredded,
with or without fuzz, the degree of uniformity, gtc

In addition to chemical, physical (melting) and im&gcical direct contact (ball-milling, attritor
milling, hammer milling, etc.), plastics can benagessed by the collision method.

1.2.2.1. The collision method of processing differe  nt materials in the
disintegrator mill

The fracture of particles in collision with the tmf component of one of the rotating rotors
is called disintegration. The theoretical studiesmlling by the collision method, which were
conducted at Tallinn University of Technology (TUWere followed by the development of
the appropriate devices, called disintegrators, taeddifferent types of disintegrator milling,
the DS-series systems [48].

The disintegrator system consists of two rotordaiied on the motors, which rotate in
opposite directions (Fig.1.2). The rotors consifsimore than one processing circle, each of
them has the milling elements mounted, the matstidtes against them and accelerates for
the next collision.

Because of the vertical position of the rotors, #uglitional systems of classification and
transportation of the final product are needed,cihin case of using the traditional methods
might need a special device that would reserve rapaee in the production plants. The use
of the material motion velocity at the outlet fréhe working chamber enables to diminish the
general size of the equipment, combining the nglliair classification and transportation of
the final product (for the height up to 3m) in greduction plant.
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Figure 1. 2. The principal scheme of the disintegranill. 1 — rotors, 2 — electrical engines,
3 — material input, 4 — rotor-blades, 5 — outputhef milled product

A reduction in the size of materials takes placa essult of fracturing the processed material.
Through the collision of the particle with a grindielement, an intensive wave pressure will
spread from the point of contact. The stressesappgoximately an order higher than the
strength of the material. The particle as a whel@ains intact until the spreading of the

compression wave reaches the opposite side ofattielp. It reflects as a tension wave of the
same intensity. Behind the tension wave, with dagerdelay, the particle falls into pieces.

After the particle break-up, the stress waves ruaach piece in a very complicated manner,
many times back and forth. The main (charactejipi@zameters of collision are: the velocity

of loading (30-200 m/s) and duration in the actreme (0.01 s) [49]. The main differences
between the traditional size- reduction methodsanticsion methods are given in Table 1.2.

Table 1. 2. Comparison of the parameters of thenads processed by traditional methods
and those processed by collision [49]

Parameter Traditional method Collision
Loading velocity, m/s 0.1-10 30-200
Loading time, s 18-10* 10°-10°
Time spent in the active zone, s 1-10000 210
Ratio of stresses to the material strength, 1 10

Milling by collision means that the mechanisms loé particle size reduction of the ductile
and brittle materials are different. The milling lofittle materials by collision results in a
direct fracture. When milling the ductile metalhitaterials at the initial stage, the metal will
be hardened and the fatigue fracture will occur].[48gure 1.3 illustrates the principal
scheme of the disintegrator mill and the formatidmpowder particles through the milling of
brittle and ductile materials.
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Figure 1.3. Principal scheme of the particle sembuction by disintegrator milling (a) and the
fracture mechanisms of brittle (b) and ductile mats (c).

The size reduction is used to increase the bullsitiedower the storage requirements and
shipping/transportation cost, it will ease the Hemgdand conveying of the material and will
liberate foreign materials.

The size reduction equipment for recycling plastficen the end-of-life durable goods will
include the following advantages: it accommodatggd amounts of metal, handles tough
engineering plastics in reasonable throughputserdiles molded-in and well-adhered
materials, it does not embed or encapsulate fonsigterials, it produces the uniform particle
shapes and sizes, it is safe for a wide range efabqrs, it accommodates very large parts or
bales of materials, provides a high throughputim power requirement ratio, minimizes the
generation of fines, it can be enclosed or evadyateis reasonably priced, requires low
maintenance costs, it is easy to clean becaudeedwitch-overs of material, it produces a
low noise and has reasonable power requiremenisAsGummarized in Table 1.3, the types
of equipment available to meet these challengdsdec the hammer mills, ring mills, shear
shredders with screens, the four-shaft shear sareddith screens, rotary grinders and
granulators. Depending on the types of feed-st@cksing into the plastic recycling plant,
there may be a need for several different stagesia# reduction and liberation, each
involving a different type of equipment.
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Table 1.3. Variety of size reduction equipment usecycling plastics [50]

Equipment

Advantages

Disadvantages

Traditional
granulators

» Can produce fine particle sizes
* Excellent liberation of materials
» Well-known technology

» Can have high throughputs

» Cannot handle metals
* Rather high maintenance costs
* High speed and can be noisy

Granulators -

» Can handle small amounts of metals Advanced technology and not

Df

modified  Can produce fine particle sizes widely available
 Excellent liberation of materials » Cannot handle large amounts
metal or thick metal
Traditional » Can handle large and heavy metal| » Poor particle size uniformity
Shear * Large feed hopper * Feed rams not a stock item
Shredders » Well known technology « Difficult to replace blades
» Typically no screens provided
Four shaft » Can handle metal * Not widely available
shredders and | « Relatively low power requirements| « Much lower throughput rates
modified two | « Good liberation of materials compared to the shredder with n
shaft shredders « Better size control screen

» Feed rams not a stock item
« Difficult to replace blades

(0]

Hammer mills

« Can handle significant amounts of
metals
* High throughputs
* Very robust designs
» Well known technology

* Poor particle uniformity
* Relatively high power
requirements

* Noise can be high

Rotary grinders

» Can handle moderate metal

* High throughputs

* Blades easily replaced & sharpene
* Relatively low power requirements
* Automatic ram feed

» Comes with screens

* Very good liberation of materials

» Reasonably easy to clean

» Cannot handle large amounts
hard metals

de Cannot easily produce small
particle sizes
* Higher cost

Df

Cryogenic
grinders

* Very fine patrticles sizes possible
 Excellent liberation of materials

* High cost

* Low throughputs

* Potentially high operating cost
due to liquid nitrogen needs

» Cannot handle metals

Disintegrator
milling

» Can produce materials with high
degree of fineness and with narrow
granulometry

*Material is in active zone very short
time (avoids over-heating)

sLower specific energy of treatment
» Simultaneous separation of the

* Remarkable noise level

» Feed material should be in
Suitable size

* Less efficient size reduction of
materials with high toughness

components with air-classificators

It should be noted that the represented advantageésdisadvantages of the size reduction
technology may not hold perfectly well for specificeces of equipment. Furthermore, the
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technology in this area is rapidly changing, ang ipossible that some of the disadvantages
will be overcome with the development efforts athganderway.

Disintegrator systems of processing materials

Depending on the design of the disintegrator systdma direct, separative and selective types
of milling are available and useful in powder protion (see Fig. 1.4). Direct milling suits
best for testing the properties of materials odpoong materials with a wide granulometry, it
is used for the treatment of dry, damp and liquaterials. Separative milling is meant only
for dry materials, it yields materials with a hidagree of fineness and a narrow granulometry
[49]. Selective milling is suitable for the treatmef multi-component materials, such as the
components of industrial and domestic wastes, With traditional grinding methods, the
selectivity is weak; if the weak and strong paechre in an active milling zone at the same
time, then both the strong and weak particles bdélbroken. In this process, the breaking
force is unevenly distributed between the strond ameak particles. In case of treating
materials by collision, the stresses that appeathén particles depend on the velocity of
collision, and they are independent of the partgi® or material. It is possible to use the
velocity low enough to keep the particles intactd af the velocity is high enough, it will
cause a break-up of both particles. Between theextceme velocities, there is a velocity
limit when the strong particle remains intact anel weak particle breaks up. The treatment of
materials by collision provides the highest randeselectivity. With other methods of
grinding, it is unattainable [48].

Direct milling Separative milling Selective milling

fine

==

COQrse

Figure 1.4. Different types of grinding and millisgstems used in the disintegrator [49]

The reinforced acrylic plastic wastes have differerechanical properties because of the
plasticity of glass fibre, but they can be repreeesby the selective milling system. The aim
of our experiments was to reduce the particle sizacrylic plastic and keep the remaining

glass fibre intact for separation. In DS disintégraystems, the ground material ejected from
rotors carries a significant amount of kinetic gyerwhich can be used for further

transportation of the material [51, 52]. The sepanasystems in the DS-series disintegrators
are based on the aerodynamic forces. A specialiahetassifier with a closed air or gas

system has been developed [52, 53]. This systemtaomous and ecologically clean due to
the use of kinetic energy in the output materidie Bystem does not need any additional
devices of transportation or fans. For various mmte and disintegrator milling systems,

different inertial classifiers have been designed developed as an axial inertial classifier
and a classifier with a grid formed by the row Edes (see Fig. 1.5) [54, 55].

19



A+CM A+FM
110
[ |
50 ] Centrifugal
1 claasifier (CC)
1 .I
Bia [ 7
an | .f"/
',/'
et
20 -
.-d""-f_ﬂ_'__,_.--'l""-r;rl-'-
10 } rigstia )
= classilier (IC)
o _.——-f 1 l |
02 0.4 06 0B 1

Figure 1.5. The laboratory disintegrator millingsggm DSL-115 with the inertial classifier (a)
and the principal schemes of the inertial (airssifier and centrifugal classifier (b)

1.2.3. Waste management legislation and waste handl ing systems in EU

The directives are the instructions given to theminer states of the European Union —
currently twenty countries — to alter or supplem#wdir national legislation within some
specified time unit in order to achieve the reswulithin another specified time unit. Each EU
piece of legislation — including directives — ivgn a reference number: the first two digits
refer to the year when the piece of legislation wdepted and the second set of digits is
specific to the piece of legislation and is giveraichronological order of that year.

There are several stages in the policy processi@btang the directives. First, the European
Commission writes a working document showing aeritibn to propose a directive. After
discussion, the working document can become a grafhosal for the directive. Then the
directive is proposed by the European Commissiarbs&quently, it is examined by the
European Parliament, the Council of the EuropeaioiJimade up of relevant ministers,
varying according to the subject discussed) aneroitmstitutions. It typically takes 2 to 4
years for a directive to be adopted after it hasnbproposed. Once a directive has been
adopted, the member states are required to impleinemthin a specified time usually two
years. The national waste management strategies bhagn produced to implement the
European waste directives.
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1.2.3.1. Recycling directives in EU

Framework of waste management directives in EU

The Framework of Waste directivestablishes the framework for waste managemensscro
the European Union. It provides common definitibnvaste management across the EU (see
Fig. 1.10): 1) prevention, 2) reuse, 3) recycldhgenergy recovery, 5) incineration without
energy recovery, 6) landfill [1]. The hierarchywsiste management, according to the EU
directives, is as it follows from Figure 1.10.

Framework of Waste directives

v S

Waste framework directive Hazardous waste directive Waste shipment regulation
(Dir 75/442/EEC) (Dir 91/689/EEC) (Reg EEC 259/93)

J’—> Waste treatment operations

Incineration Landfill
89/369 & 429 (MW) 94/67 (HW) (99/31/EC)

» Waste Streams

v _ v v v . ! }

Waste oils Sewage Batteries and | Packaging PCB - ELV - RoHS &
sludge accumulators WEEE
Dir Dir Dir Dir Dir Dir Dir
75/439/EEC 86/278/E 91/157/EEC & | 94/62/EC 96/59/EC 2000/53/EC 2002/95/EC
EC 93/86/EEC Dir
2002/96/EC

Figure 1.10. The framework of the waste managemiieattives in EU [104]
Some common definitions are associated with thetredal and electronic waste legislation:

Dangerous substance or preparatiareans any substance or preparation, which have to b
considered dangerous under Council Directive 6788 or Directive 1999/45/EC of the
European Parliament and that of the Council [1].

Disposalmeans any of the applicable operations providddirective 75/442/EEC.

Energy recoveryneans the use of combustible waste as a meansiefagig energy through
direct incineration with or without other waste bwith the recovery of heat.
Preventionmeans that the measures aimed at reducing theityuantd harmfulness to the
environment of WEEE and the materials and substacmetained therein.

Recoverymeans any of the applicable operations providddinective 75/442/EEC.
Recyclingmeans reprocessing the waste materials for theoparpf reforming the originals
or for other purposes, but excluding the energgvery in the production process.
Re-usemeans any operation by which WEEE is used for #mespurpose for which it was
conceived, including the continued use of WEEE,alwhs returned to the collection points,
distributors, recyclers or manufacturers.
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Treatmentmeans any activity after the WEEE has been hanged to the facilities of de-
pollution, disassembly, shredding, recovery or d$sjp and any other operation carried out for
the recovery and/or the disposal of the WEEE.

Restriction of Hazardous Substances in Electrical a  nd Electronic Equipment
(ROHS) Directive (2002/95/EC)
It does affect the manufacturers, sellers, distatsuand recyclers of electrical and electronic
equipment, which contain lead, mercury, cadmiummakalent chromium, polybrominated
biphenyls or polybrominated diphenyl ethers [56].
The directive aims at [56]:
protecting human health and the environment byrictisig the use of certain
hazardous substances in the new equipment;
supplementing the WEEE Directive.
Key elements [56]:
Since 1 July 2006, the new electrical and electr@guipment will not contain lead,
mercury, cadmium, hexavalent chromium, polybroneddiiphenyls or
polybrominated diphenyl ethers.
Certain applications are exempt from the requiregmeri the directive including
mercury in certain types of fluorescent lamps, lgathe glass of cathode ray tubes,
electronic components and fluorescent tubes, leadlectronic ceramic parts and
hexavalent chromium as an anti-corrosion of théaarsteel cooling system in the
absorption refrigerators. The exemptions will bae®ed every four years.
Before 13 February 2005, the European Commissidhrexiew the terms of the
Directive to take into account any new scientificdence.

WEEE — Waste Electrical and Electronic Equipment (W  EEE) Directive

(2002/96/EC)

This directive does affect those who are involvadmanufacturing, selling, distributing,
recycling or treating electrical and electronic ipguent (including large household
appliances, IT and telecommunications equipmentdioaisual equipment, lighting
equipment, electrical and electronic tools, toggsure and sports equipment, medical devices
and automatic dispensers) [2]. The targets of amum reuse, recycling, and recovery are
given in Table 1.4.

Electrical and electronic equipmemeans the equipment, which is dependent on electric
currents or electromagnetic fields in order to wgnoperly, and the equipment for the
generation, transfer and measurement of such darrend fields falling under the 10
categories, designed for the use with a voltagagatot exceeding 1000 volt for alternating
current and 1500 volt for direct current [2];

Electrical and electronic equipment as waste or BEEmeans the electrical or electronic
equipment, which is waste within the meaning ofidet 1(a) of Directive 75/442/EEC,
including all components, sub-assemblies and coables, which are parts of a product at
the time of discarding.
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Table 1.4. Product categories and minimum endfefreuse, recycling and recovery targets
set by the WEEE Directive

No. | Product category (See Annex 1B of the | WEEE reuse andWEEE recovery
WEEE Directive for full list of items in recycling targets | target (includes
each category) in % energy recovery in

a power plant) in %

1 Large household appliances (e.g. fridges, 75 80
washing machines, electric ovens)

2 Small household appliances (e.g. vacyum 50 70
cleaners, toasters, irons, clocks, scales)

3 IT and Telecommunication equipment (e.g. 65 75
computers, photocopiers, telephones)

4 Consumer equipment (e.g. TV-sets, video 65 75
recorders, hi-fi equipment)

5 Lighting equipment (e.g. fluorescent lamps, 80 N/A
discharge lamps)

6 Electrical and electronic tools (e.g. drills, 50 70
sewing machines, lawnmowers)

7 Toys, leisure and sports equipment (&.g. 50 70
video games and consoles, train sets)

8 Medical equipment systems (e.g. radioNo targets set att No targets set at
therapy equipment, pulmonary ventilators) present present

9 Monitoring and control equipment (e|g. 50 70
thermostats, control panels)

10 | Automatic dispensers (e.g. drinks machines) 75 0 8

The directive aims at [2]:
reducing the waste arising from electrical and tetexic equipment;
improving the environment-friendly performance tfthose involved in the life cycle
of electrical and electronic equipment

Key elements [2]:

The directive covers the WEEE directive used bycthregsumers for professional purposes.

By 13 August, 2005 [2]:
private households will be able to return their ViEEB the collection facilities free of
charge;
producers (manufacturers, sellers, distributord) e responsible for financing the
collection, treatment, recovery and disposal of \EEEom the private households
deposited at these collection facilities;
producers will be responsible for financing thelection, treatment, recovery and
disposal of WEEE from users other than private Bbakls, it concerns the products
placed on the market after 13 August 2005;
producers will also be responsible for financing tmanagement of WEEE, it
concerns the products placed in the market bef8ré@ugust 2005. However, it is
possible to recover these costs totally or partyythe users other than private
households.

By 31 December 2006 [2]:
producers will be required to achieve a seriesevhahding recycling and recovery
targets for different categories of appliance;
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Estonia must have reached an average WEEE colecti® of four kilograms for
each private household annually.

1.2.3.2. Waste legislation in Estonia

Producer responsibility for problematic productsaesistituted in Waste Act (2004). Producer
responsibility covers the following types of waspaickaging waste, the waste of electrical
and electronic equipment, scrap cars, car tyres,sgnap paper. As for batteries, the joint
responsibility is shared with the municipalitiexkaging waste prevention, handling and
reuse is prescribed in Packaging Act (2004).

The types of deposit packaging and excise amouetdefined in Packaging Excise Act
(1996). The government regulations are issued fazatdous waste management
andrequirements for landfill usage and closing.

1.2.3.3 Waste handling systems in Estonia

Packaging waste
The packaging operators pack the goods or impattsafi the packed goods. The obligation
in the Packaging Act is: to recycle 50 % of totalume weight of packages, at least 15 %
from each group of packages should be recycled. [H® obligations of the packaging
operator can be transferred to the producer reggbtysof an organization by contract [57].
Producer responsibility organizations for packaguaste collection are:

The Estonian Recovery Organization (ETO)

Estonian Packaging Circulation (EPC)/Eesti Pakeémglus (EPR)

-Eesti Pandipakend LLC (EPP) is a recovery org#oisdor the recovery of

packaging subject to the payment of a deposit.

Recycling of plastic packaging waste

There are two bigger recycling companies (Plasiget_td, Dagoplast Ltd) which are
recycling mainly the plastic packaging films (LDFDPE and PP). One company is
recycling (Lipland LLC) rigid packaging and techagical scrap (LDPE, HDPE, PP and
PVC). Recycled plastic granules are mainly sol@hina or India.

WEEE:

Producers are responsible for financing the cablecttreatment, recovery and disposal of
WEEE, required from the users other than privateskbolds, from the products placed on
the market after 13 August 2005, establishing thedycer responsibility for generating
WEEEMTU EES-Ringlusvas established by the producers and retailemlesftronic and
electrical equipment, including batteries.

Recycling of WEEE:

 Large electric household appliances are colleetad recycled in Estonia, by Kuusakoski
Oy except for the fridges

* Fridges are recycled in Finland, Forssa

» The collected small electric and electronic agpudies are recycled in Lithuania, UAB
(Elektroniniu Masinu Perdirbimas — EMP)

* New plant for recycling WEEE is established (Wektd) to recycle more than 90 percent
of WEEE. Plastic fraction will be precrushed anttigo India or China.
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1.2.4. Reuse and recovery of plastics

There continues a growing worldwide demand for céng thermosetting polyester/glass-
fibre reinforced plastics in different marketable®gucts, such as the automobile parts. The
starting point was the realization that the hammadr process used for size reduction of the
parts, not only grinds the resin to powder but setalsplit along the line of fibre, leaving it
intact. After grinding the waste to powder, thedilzan be separated for re-use. The recyclate
is suitable for the production of new parts as vasllfor the production of fillers and/or the
reinforcement material. The parts containing uB®% of the recyclate mass are tested,
suggesting that the properties of strength, suréaedity and paintability are nearly as good
as those of the new parts; and up to 25% of thgclei®e mass can be incorporated in a
significant loss of properties. The parts of cl&MC (the sheet moulding compound) and
BMC (the bulk moulding compound) can be recycled #me material can be used in new
SMC parts. Over 20 of the US automotive componeantgain the recycled SMC from in-
plant and post-consumer scrap, using the matevifath has 6-25 % of the mass replacement
for calcium carbonate (which makes up about 50%h@®faw material of SMC) [15].

In our case, the recycling of PMMA+GFP compositepds very complicated because they
contain both the thermoplastic PMMA and thermosgtpolyester resins with the glass fibre
reinforcement.

1.3. Characterization of powdered materials

1.3.1. Definition of powder

There are a few terms necessary to understand ebefiaving discussion on the
characterization of powders. The three definitiohpowders are as follows:

- the powder is defined as a finely divided sobdjaller than 1mm in its maximum
dimension [58];

- powder is defined as an aggregate of discretticles that are usually in a size range
of 1 to 1000 m [59];

- the powder production is a process by which tlevder is produced, such as
machining, milling, atomization, condensation, retthn, oxide decomposition,
carbonyl decomposition, electrolytic decompositmnprecipitation from a solution
[59].

1.3.2. Granularity and morphology

Granularity

Under granularity, the size of particles and fraicsi are observed and determined by different
granulometric methods, such as sieving and imagky/ses.

To study the granularity of a ground product bydghenulometric analysis, the modified
Rosin-Rammler distribution function and methodased [51],

n

nl n1lxX
X X B
fm(x) n 1 0 en m

m m (1.1)

wheren, mandxy are the parameters of distribution, the logarithenze of the particle is
given as [51],
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x log, —

X 1.2
wherex indicatesthe natural size of the particles of the materi&;is theupper limit on the
possible particles size of the studied matetkals the natural particles size of the studied
material; andk is the coefficient (ratio) of the sieving systesed in the experimentk € 2,

2°, 29).
To characterize the particles size, the followiaggmeters are defined [60]:

- the median diametels, (the median of the mass density function of RosamRler)
is calculated according to the experimental (resaft sieving analyses) cumulative
distribution functions;

- the mean diameteat,, (the linear descriptoobtained by IA) is the average length of
the number of diameters taken at 5 degree intearalsnd the centre of the mass blob;

- volume diameted,,’ is calculated on the basis of the plate shape utarmof the
particles

di= dm " dm 'dm " 02 (13)

Morphology

Geometrical characteristics of powder particles lwamlivided into two main classes: size and
shape parameters [61, 62, 63]. Size parametergXtnple, the area perimeter) describe the
geometrical object, independent of its shape atlon.

On the other hand, shape characteristics charaetarainly the shape without any influence
on the size. Mostly, only some approximation of éxamined object is used for the shape
description — the so-called Legendre ellipse isrofised instead of the original object [64].
The Legendre ellipse is an ellipse with the cemréhe object centroid and with the same
geometrical moments up to the second order ashkeasriginal object area.

A lot of these characteristics can be used fornilggag the ellipse of the original object.

If “a” and ‘b” are the axes of the equimomental Legendre ellipgg 1.6), then elongation
is defined by relatiocL = log,a/b and dispersion by DP= lgg -a -b.The elongation for a
circle iseL=0, for ratio of axes 1:2 iEL=1 andEL grows for the ellipses with an increasing
ratio of the major and secondary axes — see Fifj. DispersionDP is a measure, which
allows us to evaluate the range of difference iroatness. This enables to compare the
smoothness of the evaluated object with the idiigise: dispersion of the ellipse BP=0
and it grows when increasing the object roughress Fig. 1.7 [67].

Another well- known and frequently used characteris the shape factor (roundness) of the
object. If p is the perimeter and stands for the area of the object, the roundnafsevis
calculated by [65, 67RN= P%/4 A. To characterize the roundness, sometimes shap® fac
SF=1/RNis used. The roundness factor proposed in BBl is defined by the relationship

RNF = P/d (1.4)

whereP is the particles perimeter amklis the diameter of the circle with an equal péetic
area (see Fig. 1.8).

Then the shape factor was defined=a6- -a -b/P. The shape factor for circle is equal to 1,
if the object shape tends to the line segmértends to =0 [67].
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EL=0.224 EL=1.404 DP=0.000

EL =2.600 EL=3.818 DP=10.201 DP=0.732
Figure 1.6. Samples with different Figure 1.7. Samples with different
values of elongatio&L values of dispersioDP

[/

Figure 1.8. The morphology study based on theecingth the same area as the particle

An evaluation of the ellipticity and irregularity the shape factor is proposed in [68]. The so-
called irregularity parametelR) is defined by the following formula:
D
IP=—, 15
r (1.5)
whered andD are the diameters of the maximum inscribed, apdrimimum circumscribed

circles, respectively (see Fig. 1.9).
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Figure 1. 9. The morphology study is based omthgimum of inscribed and the minimum
of circumscribed circles.

As shown in [68], the newly defined shape factorksovery well. This shape factor can be
applied to elongated or irregular particles, budaes not allow us to decide if the particle is
elongated or irregular.

In Table 1.4 the shape factors of regular configong are given in the order of increasing
sharpness: circular, orthogonal, hexagonal, quaditan and triangular. As it follows from
Table 1.5]P is the most sensitive parameter, and parankdtdtis the most insensitive one.
WhereaslP characterizes integrally both, angularity and ghiion, it does not allow us to
find separately the angularity and elongation [69].

Table 1.5. The shape factors of particles of defeéform [69]

Shape factor

O

_

-

/\

RoundnesfN 1.0 1.055 1.103 1.273 1.654
Roundness factor 1.0 1.027 1.050 1.128 1.286
RNF

Irregularity 1.0 1.082 1.155 1.414 2.0
parametetP

1.3.3. Properties

Density

For non-cellular plastics the density and relatieasity are determined according to standard
ISO 1188:1987 [70]. It cannot be used for densigasurements of plastic powder materials.
The bulk density measurements of powders include apparent density and tap density
measurements as described below. The apparenttydefngpoowder or the mass of a unit
volume of loose powders expressed in grams pecadntimetres is one of the fundamental
properties of powder. This characteristic defifesdctual volume occupied by a mass of the
loose powder, which directly affects the processpayameters, such as the design of
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compaction tooling and the magnitude of the prestians required to compact and make
dense the loose powder. The apparent dengity the powder depends on the density of the
solid material, the particle size, the distributmfparticle sizes, the particle shape, the surface
area and particle arrangement. The most common oaefbr determining the apparent
density of metal powders uses the Hall flow-meBaith ASTM B212 and the Metal Powder
Industries Federation (MPIF) standard 04 descriie method. The determination of the
apparent density is made by pouring the powderthedunnel and allowing it to flow into 25
cm® density cup. The apparent density in grams perccabitimetres is determined by
weighing the powder in the cup in grams and divgdirby 25 cni(cup volume) [71].

The tap density ; is defined as the density of the powder when thieime reception is
tapped or vibrated under specified conditions. f#pedensity is always higher than the free-
flow apparent density. To determine the tap denghg standard mass (usually 50g) of
powder is weighed: 0.01 g.The powder is poured into a clean, dry graduatdohasr,
taking care that a level surface of powder is olgtdi The powder is settled in the cylinder by
mechanical or hand tapping. The volume of a fubynsified powder sample in the graduated
cylinder is read and used in the following calcolatof the tap density:

t=mlv (1.6)

where mis the mass of powder in grams ands the volume of the tapped powder in cubic
centimetres. The results should be reported asehgest to 0.1 g/cin

Specific surface area

Permeameter is an instrument to measure resistantee fluid flow through a compact
powder bed. This information is used to determireerelated properties of a powder, such as
the pore size distribution, specific surface areahe average particle size for a packed
powder sample [30]. Frequently, the data of thdaserarea are not given in the suppliers’
literature, and thus, it becomes necessary to mlataiestimate. As a solution, a comparison
with the same type of filler having a similar peldi size distribution can be done. Another
solution is to compute a value by one or two meshaolde Gates diagram or the computation
based on the equivalent spherical diameter (esdheodiameter of a sphere having the same
volume as the particle [72].

The computational values of the specific surfaceaaare based in the areas of equivalent
spheres. Unless the spheres are the subject talatado, it is obvious that for all other
particles the proportionality constant related bhe tparticle shape must be applied. The
calculation is simplified by modern data processamd gives a reasonable estimate of the
surface area, provided that the deviation from spity for the particles is not extremal. Few
filler particles are regularly shaped: so the fextor this deviation were empirically derived
from the known values of the surface area for sldggses. In effect, the shapes of the most
real particles are too variable to be dealt wittectly. The difference between the actual and
calculated surface areas will be modest for thedosa fillers, but for others there may be a
difference greater than two or three times [72].

(1.7)

whereSSAis the surface area in’fg, K is the proportionality constant for the particle shap
(spheres = 6, blocky and tabular = about ), is the mass increment in grams,is the
density g/cmi andX _ is the average particle size of mass [72].
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Flowability

The flow of metal powders is determined by the déad methods developed by ASTM and
MPIF. The flow rate is the time required for a p@vdample of the standard mass (509) to
flow under the atmospheric conditions through an@lrinto the cavity of a container or a
mould. The device, which is most commonly usednfi@asuring the flow rate, is the Hall
flow-meter from ASTM B 213 and MPIF 3 (the equivatiestandards include ISO 4490, the
Japanese standard JIS 7-2505-1966, and the Gemaragiasd 82-69). The test equipment
consists of a funnel with a calibrated hole of i in diameter. With the help of the
stopwatch and weighing balance, the flow rate ofafmgowders can be easily determined. A
powder, which does not flow through a 2.5 mm oefitall funnel with or without an external
impulse, is said to be non-free flowing powder.this case, the Carney funnel, which is
smaller in dimensions than the Hall funnel, exdepta larger orifice diameter of 5 mm, can
be used to obtain a relative measure of the flokaloif non-free flowing metal powders. The
Carney funnel is not a standardized test method iamavolves no standard calibration
procedure [71].

1.4. Summary of the literature

The recycling of thermosetting plastics as welt@asposite plastics has not been resolved yet
and different prospective methods of mechanicafalery are underway. The techniques of
mechanical recycling, such as these, contributehtmical recycling and thermal-recycling
processes, such as gasification, liquefaction amergy recovery processes. Mechanical
reprocessing exists as the main possibility of ckoy thermosetting composite plastics to
reclaim the material from composite plastic scrgpiwducing plastic powders.

For the characterization of the properties of ptagtowders (granularity, morphology,
technological properties), the same methods andnpeters commonly used for metallic
powders are acceptable. The parameters, such aglayity and morphology, are important
for designing new products and the innovative tetdgies of their manufacture.

The information about the application of secondaagtic powders reprocessed and produced
from the composite or compounded plastic scrap el ag from the multi-materials is not
available.

The thermoplastic PMMA (the extruded sheet mateuiséd in the vacuum forming of
bathtubs) cannot be melted again to recover themahtbecause of the molecular mass,
which is more than 1,000,000 in comparison with theoverable PMMA (granules for
injection moulding) whose molecular mass is lesntB0,000; the latter is a very different
material (for instance, it is used for the productof the coloured back lights of cars). There
is only one solution, which can be proposed to vecdhe extruded sheet material of the
PMMA, and it is producing powders as the filler eval for the application of designing new
products (for example, washbasins etc).

The targets of the material recovery have provew i@ meet under the European WEEE
Directive. However, a simple separation and recpwdrthe metal fraction, no matter how
advanced the technology and processing equipmenisaunlikely to meet the requirement of
80 percent. To achieve the required recovery raig recognised that a clean separation, and
more importantly the final recovery of the plagtiction must be seen as paramount.
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2. EXPERIMENTAL

2.1. Studied materials

Polymethylmethacrylate (PMMA) sheet is the most cwnly used material in the
manufacture of bathroom equipment. The materiab@heated PMMA sheet has good
technological properties for the vacuum formingaofylic shells in bathtubs and mini-pools.
The laminated vacuum-formed acrylic shells combiwét the thermosetting synthetic resin,
such as polyester or epoxy resin, and the reinfigronaterial like glass fibre mat or fabric
produce reinforced acrylic plastics. The generatibwastes takes place after cutting off the
technological edges of vacuum forming. Industriaktes of reinforced acrylic plastics form
about 80% and the acrylic plastic scrap withouthmetogical additives account for
approximately 20% of the total amount.

Another big group of plastic wastes is formed by plost-consumer electrical and electronic
equipment wastes (WEEE) consisting of thermoplastompounded plastics (for example,
personal computers, household appliances) as wetlomposite plastics (bathtubs, steam-
cabins, capsules, etc) and multi-materials (PCBS).

2.1.1. Composite plastics of the PMMA+GFP

PMMA produced by the radical chain polymerizationmiass (molecular mass 1 million) as
sheet material was used for the extrusion of simeérials by vacuum forming. The cut-off
technological edges of the PMMA sheet materialpthacuum formed and reinforced with
glass fibre in the matrix of the polyester resirevused as technological waste. The main
properties of the studied composites are givenabld 2.1. As it follows from Table 2.1, the
physical and mechanical properties of PMMA wereftilowing: tensile strength 78 N/nfin
the rspodulus of elasticity 3.33 MN/nfmthe impact strength 12 kJXnand density 1200
kg/m”.

The properties of the hardened unsaturated polyesten (UP) with 25-30 mass % of glass
fibre reinforcement were: tensile strength 75 NAinmodulus of elasticity 7.70 MN/nfm
flexural modulus 6.70 MN/mfrand density 1700 kg/n

Table 2.1. Physical and mechanical properties®fthdied plastics (at 23 °C)

Material Tensile Modulus of Impact Density , Elongation after
strength R, elasticity E strength kg/m? fracture A
N/mm? MN/mm? kd/m? %
PMMA 78 3.33 12 1200 4
UP (matrix) 50 4.60 5 1200 2.3
GFP 75 7.70 9 1700 3
ABS 56 3.40 17.5 1170 30
PC/ABS 88 3.40 34 1200 150

2.1.2. Compounded plastics

Dismantling processes and recycling of plasticenfedectronic scrap are discussed in recent
studies [73-77]. To detect the brominated or phastgh flame-retardants in compounded
plastics the FTIR spectroscopy or mass spectrongetyggested [76, 78, 79].
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Compounded plastics subjected to recycling fronmdistled personal computers (see Figs
2.1 and 3.25-3.27) are forming from processors i@a3s %), monitors (21.0 mass %) and
keyboards (78.6 mass %). The physical and mecHamaperties of the compounded plastics
are given in Table 2.1. Compounded plastics (PC)AB polyphenylene-polystyrene (PPE-
PS) from monitor housings forming 21 mass % ofrtienitors were used as the compounded
plastic waste.

4

Figure 2.1. Compounded plastics from dismantledqeal computers

2.1.3. Multi-materials

Printed circuit boards (PCBs) are common componehtaany electronic systems built for
both military and commercial applications. PCBs gygically manufactured by laminating
dry film on clean copper foil, which is supported @fibreglass plate matrix. Film is exposed
to the film negative of the circuit board desigrdam etcher is used to remove the unmasked
copper foil from the plate. Solder is then appl@der the unetched copper on the board.
Depending upon the use and design of the parti®CB, various other metals may be used
in the manufacturing process, including lead, silg®ld, platinum and mercury [80]. PCBs
are potentially a difficult waste material to presesince they generally have no usefulness
once they are removed from the electrical componentvhich they were installed. In
addition, they typically consist of the materialassified as a hazardous or "special" waste
stream. They must be segregated and handled selgafi@@m other non-hazardous solid
waste streams. PCBs that are handled as wasteiatsataust be processed using any of the
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several available disposal options. Not only asséhoptions expensive, but they also require
a significant amount of effort made by the generakurthermore, since some of these
disposal options do not include the destructiorwakte circuit boards, the generator also
retains much of the liability associated with impeo handling or disposal. As an alternative
to off-site disposal, PCBs can be handled and gemmk to recover the value of the raw
materials that are used to produce the boardsr&8eampanies offer recycling services as an
alternative to off-site disposal of obsolete prihtércuit boards. These services will generally
process the boards by systematically removing raterials of value from the board matrix.
The board matrix consists of phenol or epoxy resithh copper sheet covering, paper, and
additives such as flame retardant [77]. The mdgeiizclude metals such as silver, lead,
copper, and gold. Depending upon the volume andactexistics of the PCBs processed
through a particular vendor, the raw materials t@nrecovered and the salvage value
potentially returned to the generator. PCBs are aetstaining flame-retardants which should
be extracted [79, 80].

Figure 2.4. Preliminarily crushed PCBs separatechfdismantled personal computers

2.2. Technology of disintegrator milling for reproc essing composite
plastic scrap

To process different materials, the multi-functibD&-series disintegrators developed at TUT
were used. These series include the laboratorgitdggiator milling system DSL-175 with the
productivity of some kg/h and the DSL-115 with greductivity of some hundreds kg/h. For
the preliminary size reduction of the plastics éorétreated, the mono-rotor type experimental
disintegrator DSA-158 and semi-industrial DSA-2 evesed. The main characteristics of the
applied equipment and milling systems are showraiple 2.2.
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Table 2.2. Characteristics of the disintegratoesdus

Parameter Experimental Semi- Laboratory
disintegrator industrial disintegrator
DSA-158 disintegrator milling system
DSA-2 DSL-115
Type of device (position of rotors) Horizontal Horizontal Vertical
Rotor system Mono-rotor Mono-rotor Two-rotor
Diameter of rotors, mm 600 480 480
Number of pins/blades roads 1 3 5
Rotation velocity of rotors, rpm Up to 1500 Up to 3000 Up to 3000
Impact velocity, m/s Up to 40 Upto 75 Up to 150
Specific energy of treatmekht,
kWh/t 0.2 2.4 6.7
Possible operating system Direct Direct Direct / separative
Input (max particle size), mm 100 50 10
Separation system - - Inertial or
centrifugal

The reprocessing technology of the technologicaiteaf composite plastics consists of the
following steps:
- preliminary preparation of the material by cugtitinto the suitable pieces to be
fed by experimental disintegrator type crusher;
- preliminary application of direct or multi-stagelling by the semi-industrial
disintegrator;
- final milling under the conditions of the sepamtmilling system of the
disintegrator

The main kinematic parameter in the processing afenals is the specific energy of
treatmentEs in kWh per ton, both in view of the grinding effe@drindability) and the
economic aspect of the process. Grindability offida as a function of particle size of the
specific energy of treatment was studied.

2.3. Methods of characterizing the milled plasticp  owders

Granularity and morphology are the main parametepowders characterizing the particle
properties from the physical and technological etspe

2.3.1. Granularity and morphology of the powder par  ticles

The granularity of powders was determined by d#ifétrmethods: the sieving analysis and
image analysis. To evaluate the granularity of segrowder (having the particle size more
than 50 m), the sieving analysis (SA) that ensures suffityegood results was used. Before
performing the sieving analysis of the milled reitied acrylic plastic powder, which initially
consisted of PMMA plastic powder and glass fibrenfecements, the glass fibres were
separated to evaluate the fractions of the PMMA gmwby size. The distribution of the
particle size is adequately described by the mediiRosin-Rammler distribution function as
the applied method.
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To characterize the particle shape, image analis)svas also used. For the characterization
of the particles size, the following parametersenstudied:
- mean diameted,,,, which is the average length of a number of diansetaken at 5
degree intervals around the centre mass of the blob
- cumulative volume distribution functidf, of the particles volume;
- median diametedso, which corresponds to half of the total contentpofvder
obtained from the cumulative distribution function.
For the characterization of the particles size,fthiewing shape parameters were calculated
[4]:

— the ellipticity parameter; to characterize eitjpy, the aspect ratidAS (similar to
elongation in literature) was calculated by

AS = a/b, (2.2)
wherea andb are the axes of the Legendre ellipse (the ellipsm ellipse if it has its centre
in the object’s centroid with the same geometricalments up to the second order as it is
with the original object area).

Figure 2.4. Morphology study based on the Legertifgse

— the elongatiofEL, which was defined as
EL=log, (a/b) (2.2)
For example, the elongation of the circle is O Hrat of an ellipse with the ratio of axes 1:2,
is equal to 1;
— irregularity or the surface smoothness; the valueoundnesfkRN was calculated by
[65, 67]
RN=PY/4 A (2.3)
(The roundness of the circle equals to one, ifoibject shape approaches the line segment,
which approaches zero).
For the linear measurements of the particle sizéh wptical microscope (OM ), small
guantities of acrylic plastic powders were spreadaowell-cleaned glass slide. Several
experiments were made to avoid agglomeration aniiclgaadherence with each other. The
preliminary treatment of a plastic powder with freaticles size less than 315 in the wet
media gave poor results, because the particlesstumt together. Then we cast the plastic
powder into epoxy resin and this gave us good teswith particles separation. For the
analysis of the particle shape, cross-section Ipedisvere made by the mechanical grinding-
polishing procedure. Of course, there were somecpes of microscopic metal from the rotor
blades, but it was easily observed and thus remeweith the graphical design.
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The equipment used for the image preparation aradysis was as follows: the optical
microscope Nikon-Microphot-FX and the image analysistenimage Pro3.0 [69, 81].

The above mentioned parameters were automaticalbulated for every particle and they
were stored in files. All characteristics were istatally evaluated. The dependence of all
characteristics on the number of disintegratiorles/avas searched.

2.3.2. Technological properties of powders

The following technological properties of powdersrerdetermined:

the apparent density, of the powder in kg/th

the tap density ;) of the powder in kg/fh

Densities were determined according to standardM\8212;

the apparent density of the powders with theig@arsize less than 1.25 mm was
determined by using the Scott volumeter descrine®flSTM B329;

the specific surface area of the fine fraction0(815 mm) of the plastic powder
was determined by using the Blaine permeameteichwiia simplified version of
the air permeameter and relies on the various predechniques. Vacuum was
used to displace the water in a U-tube connecteskries with the powderell.
The resultant pressure caused the air to flow tiitrabe powder bed, and the time
required for the displaced water to fall back te é@quilibrium position was
measured. This method resulted in a measured &pexifface area, which
decreased with porosity [71, 82].

The specific surface area of the other fracti(fth815-0.63; 0.63-1.25; 1.25-2.5;
2.5-5.0; 5.0-11.2) was calculated on the basiswhiila (1.7).

ssa K ‘;—W , (1.7)

m

where SSAis the surface area in“g, K is the proportionality constant for the
particle shape (spheres = 6, blocky and tabulabeut12),dW is the mass

increment in grams, is the density g/cf*nand)?m is the average particle size of
mass [72].

the flowability of the powder — when measurimg tflow rate in seconds, the
powder with the standard mass (50g) was requirdbwothrough the funnel hole
with the diameter of 5 mm, (as the powder did tm#fthrough a 2.5 mm hole, a 5
mm hole was used instead) and the relative meagseaised; the Hall flowmeter
was applied according to standard ASTM B213 (Fig).2
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Figure 2. 7. The Scott volumeter

2.4. Characterization of composite plastics

New composite plastic materials were developed frBMMA powder materials by
experimental manufacturing technology and their meccal and technological properties
were under the study.

2.4.1. Porosity

Porosity has a large effect on properties. Strerngtils to be one of the least sensitive
monitors of the porosity or microstructure. Dugyilis more sensitive with the impact,
fracture and fatigue behaviour having the greaessitivities [71].

To study the porosity of the cast composite matesgecimens (50 mm length, 50 mm width,
and thickness 10 mm) were made. The surfaces ofplkeeimens (top, bottom and cross
section) were ground and polished. The images weatyzed by usingmage-Pro Plus3.0.
Firstly, the surface areas of the matrix and thegavere calculated.

2.4.2. Determination of mechanical properties

The details of ASTM, ISO and IEC test methods ttedrine the mechanical and physical
properties of plastics are given in the differemirses [83, 84].

Tensile test

Tensile test of composite plastic materials wadopered according to standard ISO 527-
1:1993(E) [27, 84, 99]. The mechanical propertigsch as tensile strength, elongation,
modulus of elasticity and hardness were determiriezhsile test of composite plastic
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materials was performed according to standard 130 151993(E) [83, 84]. The following
characteristic parameters were determined:

— tensile strengttRy, N/mnt
Ri=Fm/Ao (2.6)

whereF,, stands for the maximum force afsglindicates the initial cross-section area
— elongation after breakages, %

8= (Ao—Ay)/ As - 100%, (2.7)
whereA; andA, are initial and final cross-section areas

— modulus of elasticityE, MN/mmn

The tensile tests were performed under the follgvdonditions:
— loading velocity, v = 5 mm/min, tolerance+24)
— test specimens without scratches and free ddsstrencentrators,
— the parallel opposite surfaces;
— type of the specimen, 1B ISO 527-2:1993 (E);
— thickness of the specimen, 4 mm.

The applied testing system was the servohydraesittrtg machinénstron 8516, which uses
both static and cyclic loading (Fig. 2.11, Tabl&)2lIn this system static tensile tests were
carried out at the loading velocity of less tharN8tnt's* (EVS-EN 10002-1:1997).

Figure 2.11. Mechanical testing system Instron 8516
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Table 2.3. Parameters of the testing system In&5d16

Parameter Value

Maximum load 100 kN

Stiffness of the frame 350 KN/mm

Position measurement with resolution 0.03% of mesamant range

Position measurement accuracy 0.5% of measuremege r

Resolution of force measurement 0.2% of measureraege

Force measurement accuracy 0.05% 1KN if it exceeds the given
measurement range

Deformation measuring accuracy Class B or betteh®YM E83-90

Actuator clearance +/— 75 mm

The test pieces for the tensile test were prepacedrding to ISO 527-2/1A/50 typelB (Fig.
2.12). The test pieces were cut out from the maltefiplastic composite plate and polished.
The applied measuring device was the caliper aadnasurement accuracy was 0.1mm.

Figure 2.12. Type of the test piece of the tertsié 1B, (measurements of the test piece in
mm:l3 150;l;=60.0 £ 0.5),=106...120}, = 20.0 + 0.2p; =10.0£ 0.2h=4.0+0 +
0.5;L=115+£0.2]Lp=50% 1)

Hardness test

When measuring the hardness of composite matetiedsBall Indentation Hardness method
and standard ISO 2039-1 are used [86]. A 5 mm diansteel ball is forced into a specimen
with an initial load of 9.8 N £ 1% and it is incesal to a specified load (Table 2.5) for 30
seconds. The depth of the resulting deformatioméasured and the surface area of the
impression is calculated. The hardness is thenesgpd as a load in N divided by the surface
area of the indentation in nfmThe choice of the main load depends on the depth
indentation (0.15-0.35 mm). If the preset qualtficas are not met, a new main load will be
chosen. The measurements of the recommended &t pre 50x50 mm. The minimum
number of the measured values is 10. The thicknéske material is recommended to be
about 10 mm.
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Table. 2.4. Ball indentation hardness [84, 86]

Ball Indentation Hardness Scales
Scale Testload, Nl'est duration, sec

H 49/30 49 30
H 132/30 132 30
H 358/30 358 30
H961/30 961 30

As the ball indentation hardness method was natadole, the hardness tests were performed
according to the Brinell hardness test method fetals, EVS-ENISO 6506-1 [87]The
Brinell scale characterizes the indentation harsineé materials through the scale of
penetration of an indenter, loaded on a matergtgeece. It is one of the several definitions
of hardness in the materials science. The typestl ises a 10 mm- diameter steel ball as an
indenter with a 29 kN force. For softer materialsmaller force is used; for harder materials,
a tungsten carbide ball is substituted for theldita#h. The indentation is measured and the
hardness calculated as:

HBS (2.6)

2F
D(D +(D? d?))

whereF is an applied force in ND is the diameter of an indenter in mm ahid the diameter

of indentation in mm. The Brinell hardness tesimafentation was performed with a 1 mm
diameter steel ball and the applied loads werendl98 N, the loading time was 30 seconds.
To compare the results of the Brinell hardness thetRockwell hardness test — ISO 2039-2
[88] on plastic materials was made. The Rockweltlhass is a measure of the indentation
resistance of the material. Testing is performest fiy forcing a steel- ball indentor into the
surface of a material by using a specified minadloThe load is then increased to a specified
major load and then decreased back to the orignmabr load.

Table. 2.5. Rockwell indentation hardness [88]

Scale Minor load, kg |Major load, N |Indentor diameter, mm

R 10 588 12.7
L 10 588 6.35
M 10 981 6.35
E 10 981 3.175

The Rockwell hardness is calculated by subtracthmg genetration divided by the scale
division from 130.

M Ilajor

mar  Lopad i

Load Load
1) ’

Change mﬁuﬂﬂnterdepth# e s&j ..... ‘3}

Figure 2.13. The schematic diagram of measurindgrtiekwell hardness [88]
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Rockwell hardness is a measure of the net incrigadepth of the indentor (see Fig. 2.13).
Each Rockwell scale division represents a 0.002 mA0Q08 in) penetration of the indentor.

h
0.00z

HRE 130 2.7

2.4.3. Abrasive wear resistance

The standard methods of testing the resistancen$parent plastics to surface abrasion [89,
90] and abrasion resistance of organic coatingthéylaber Abraser [91] were not available.
The evaluation of abrasive wear resistance waopeed according to the standard testing
method of measuring abrasion by using the dry sabdér wheel apparatus [92].

This test method covers laboratory procedures &erchining the resistance of metallic
materials to a scratching abrasion by means ofdtlyesand/rubber wheel test. The dry
sand/rubber wheel abrasion test involves the ahgaofi a standard test specimen with the grit
of controlled size and composition. The abrasivati©®duced between the test specimen and
a rotating wheel with the chlorobutyl rubber tinerom of a specified hardness [93]. This test
specimen is pressed against the rotating wheelsgeeified force by means of a lever arm
while a controlled flow of grit abrades the testface. The rotation of the wheel is performed
so that its contact face moves in the directiothef sand flow. The specimens are weighed
before and after the test and the loss is recdgiladass.

The rubber wheel abrasion test was performed aggptd standard ASTM-G-65-94 [92]. A
schematic diagram of the test apparatus is showigure 2.14.

Figure 2.14. The schematic diagram of the orighkfaT M G65 test system [93]

The tests were conducted at the room temperatubeiair. The test procedure consisted of
installing the specimen into the holder, running st and removing the specimen from the
holder. All test variables are presented in Tabte 2
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Table 2.6. Test parameters of the rubber wheel

Parameter Value
Rubber wheel: Rubber on steel wheel 4
original diameter, mm 229
width, mm 12
Abrasive: Quartz sand
grain size, mm 0.01-0.30
mass, kg 0.5
Normal force, N 140
Rotation speed 60
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3. REPROCESSING OF PLASTIC AND MULTI-MATERIAL
SCRAP

3.1. Reprocessing of the composite plastic PMMA+GFP

The composite plastic plates of PMMA+GFP prelimilyarcut into pieces with the
dimensions of length 100 mm, width 100 mm and théds 5 mm, were reprocessed by the
mechanical method of milling by collision.

The reprocessing technology of the composite piash disintegrators consisted of three
stages:

- preliminary milling of the composite plastic PMM&FP by the DSA-158
disintegrator in the conditions of direct millingi€ving was used to separate the glass
fibre from the milled material);

- intermediate milling for the size reduction iretBSA-2 disintegrator in the conditions
of multi-stage milling (powder samples for sievealgses were taken and percentage
of the separated glass fibre was determined);

- final milling to remove the glass fibre from thalled material was performed by the
DSL-115 disintegrator system applying the dire¢tiod separative milling conditions

3.1.1. The grindability study of composite plastic

The preliminary size reduction of the compositespaPMMA+GFP and the separation of
the components in the disintegrator mills were s#pae operations. In our case the scheme
of milling was the following: PMMA in the form ofide particles and coarse GF particles
were separated by sieving. The particle size ofathiput in the DSA-158 disintegrator was
approximately 13-25 mm. The material preliminagiyshed was suitable for direct milling
in the DSA-2 disintegrator. To estimate grindakjlithe specific energy of treatment was
used. The distribution of the particle size wascdbed by the modified Rosin-Rammler
distribution function. The results of the grindatlyilstudy are given in Fig. 3.1.

DSA-158 DSA-2 1x 2X 3x 4x 5x DSL-115
100 <
£
- 10
=i
[}
N
(%]
S
=2 1
8 \ o
= ‘\’\
0.1 T T T T
0.0 0.2 2.6 5.0 7.4 9.8 12.2

Specific energy E, kWh/t

Figure. 3. 1Dependence of the particles size of the milled amsiip plastic PMMA+GF on
the specific energy of treatment.
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As it follows from Figs 3.1 and 3.2, an intensiveesreduction (from 100 mm to 13 mm)
takes place by the preliminary milling in the DSB8Ldisintegrator and by milling in the
DSA-2 disintegrator (after the first two stagesuéstantial size reduction takes place from 13
to 1 mm). The final milling in the DSL-115 disintegor in the direct milling conditions at the

double collision velocity reduced the size by 50cpat (from 0.71 mm to 0.35 mm) (Fig.
3.3).

Figure 3.2. The composite product Figure 3.3. The product PMMA+GF
PMMA+GF, pre-crushed in DSA-158 milled in DSL-115

To compare the results of milling in the disintégradevices with the existing advanced
technologies for the size reduction, the machirfeth® company Weima are chosen. Their
horizontal shredders with one rotor give the screige of 15-100 mm, the shredders with
four rotors give the screen size of 20-40 mm amdgifanulators give the screen size of 3-12

mm. The simultaneous separation of the compositgponents is not possible with shredders
or granulators.

3.1.2. Separation of the components of composite pl  astic

The results of the separation of glass fibre andviAMacrylic plastic are presented in the
following charts (Figs 3.4 and 3.5).

Stage 1 Stage 2 Stage 3 Final product
PMMA+GF PMMA+GF PMMA+GF PMMA powder
composite —— composite |—p| composite |——pt 55 mass %
100 mass ¢ 83.7 mass % 71.5 mass %

v '

Separated glass fibre in mass %
Stage 1 Stage 2 Stage 3 Total
16.3 12.2 16.5 45

Figure 3. 4. The results of separation in a thtagesmilling: stage 1 — the equipment used is
DSL-158, stage 2 — the equipment used is DSA-BesBa- the equipment used is DSL-115.
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Before separation, the curve of the mixed plas{fsIMA+GFP) had two modes. After
separation, acrylic plastic had two main fractigparticles of 2.1 mm — 47 mass % and 0.53
mm — 25 mass %; the main fraction of glass fibore @27 mm in diameter and 10-15 mm in
length85 mass %).

f(m), % 90
80 L Aggr.egate of acrylic N separated AP
plastic (AP) and glass l \
70 | fibre plastics (GFP) /

. before separation /!/ separated GFP
50 \ / ’/
. V.
. \ )
N /\ \
) /N |
0 )N

100.0 10.0 1.0 0.1 0.0
Size d, (mm)

Figure 3.5. Size distribution of the particles sifehe separated acrylic plastic powder (AP)
and glass fibre (GF)

3.1.3. The granularity and morphology study

The study of the particle size and shape of the PMidwder particles was performed by the
sieving analysis (SA) and image analysis (IA). Tagéa necessary in the particle size study by
the image analysis were obtained using the imageessing system, which consisted of the
Nikon Microphot-FX optical microscope and a video transferring syst€he measurements
were performed in the transmission regime of OMcdose it gave more accurate
measurements of the particles size than the reflecgime. The size and shape parameters
were studied by the image analysis sysherage-Pro Plus3.0.

AS the patrticles size of the PMMA powder variedeolarge scale, the powder was classified
by sieving to 7 fractions: 0.315; 0.315-0.63; 0.63-1.25; 1.25-2.5; 2.5-5.@-KL.2 and
>11.2 mm and these fractions were analyzed separdibke results of IA (mean particle size
by volume,d,,’) are given in Figs 3.6-3.12 and Table 3.1
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The acrylic plastic powder particles of the medisize, less than 5 mm, are mainly equiaxed
and their mean aspect and roundness are measuyefthbmise. The plastic powder particles
whose size is more than 5 mm are lamellar in shihpé, aspect and roundness are calculated
as an arithmetical average of the two images (ftwand sidewise). For example, the
particles of the medium size between 5-11.2 mm hlagespect flatwise 1.54 and the aspect
sidewise 3.25, which make the average aspect 8s#0Kigs 3.14 and 3.15).

Fiaure 3.14. Imaae of the patrticl Fiaure 3.15. Imaae of trparticles

Table 3.1. Diameter, aspect and roundness of ttyli@plastic powder fractions

Fraction <0.315 | +0.315| +0.63| +1.25 +25 +50 |>11.2
and mm -063 | -125| -25 -5.0 -11.2
share mm mm mm mm mm mm
3% 7 % 14 % 27 % 35 % 10 % 4 %
dso, mm 0.16 0.47 0.94 1.88 3.75 8.10 12.10
dm, MM 0.11 0.49 1.16 2.20 4.45 8.08 15.Y0
dmn’, mm 0.21 0.60 1.36 2.60 5.20 10.00 16.20
Aspect,AS 2.07 1.91 1.71 1.61 1.55 2.40 3.01
RoundnesEkN 1.63 1.69 1.79 1.71 1.44 1.77 2.00
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As it follows from Table 3.1, the mean particleeszobtained by IA and SA methods differ
more for coarse fractions (1.25-13 mm) than find.@ mm) fractions. The main reason for
this is the shape of the particles. The flat-shaguéicles of coarse fraction are stacking on the
sieve mesh, even though it is bigger than the afehe particles cross-section. It can be
explained by the higher values of the two shaparpaters, the aspeaiS (1.6-3.0) and the
roundnes®RN (1.7-2). For fine fractions there is a possibibifypassing the sieve mesh, which
is smaller than their length.

35
3.0
\ —AS 1x
2.5 ——AS 3x
2.0
0
<
1.5
1.0
0.5
0.0
-11.20| -5.00 | -2.50 | -1.25 | -0.63
>11.20| +5.00 | +2.50 | +1.25 | +0.63 | +0.315 | <0.315
Fractions of PMMA powder, in mm

Figure 3.14. Dependence of the aspesbn the PMMA powder particle in multiplicity of
milling in DSA-2 (1x and 3x).
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Figure 3.15. Dependence of the roundrieN®on the PMMA powder particle in multiplicity
of milling in DSA-2 (1x and 3x).
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The morphology parameters of the milled PMMA poweare analysed again after five
times of milling in the DSA-2 type of disintegratand the final separative milling in the
DSL-115 type of disintegrator. After SA it was alghat the particles size of the PMMA
powder varied within a smaller range (0-2.5 mm) #mel IA of the powder can be made
without classifying it by sieving to separate frans.

The particle morphology of the acrylic plastic p@vghowed that the roundness parameter is
in the range of 1.31-1.32 (see Fig. 3.19 and Tal# and the specific energy of treatment is
12.2 kWh!t for the powders with the mean partigkmeter of about 0.55 mm; with the mean
particle diameter of 0.3 mm, the specific energyrefitment is 62.2 kWh/t.

The mechanism of the fracture of the PMMA matewals the same in direct milling and
selective milling, because the aspect and the noeswl parameters of the particle changed a
little.

Table 3.2. Granularity and morphology parameteitheimilled PMMA powder particles

Parameters Specific energy of
treatment Es, KWh/t
12.2 62.2
Granularity:
- main fraction, mm (70%) | +0.35-0.7 | +0.18 — 0.35
-dm mm 0.55 0.30
- dm’, mm 0.82 0.39
Morphology:
- AspectAS 1.39 1.37
- Roundnes&N 1.31 1.32
16 /Are 100 16 T W 100

A |50

- 60

% 8

% % 8 %

r 40

r 20

0, L
0.07 0.24 0.41 0.58

0,

.92 1.09 01 02 03 04 05 06 07
\%

dm’, mm dm’, mm

Figure 3.16. Patrticle size distribution after Figure 3.17. Particle size distribution after
5x millina in DSA-2 final selective milling in DSL-115
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Figure 3.18 Percentage distribution of the Figure 3.19 Percentage distribution of the
aspectASof the milled material at a differe  roundnes&N of the milled material at a
specific energy of milling different specific energy of milling

The comparison of the patrticle size distributiote@afiive times of milling in the DSA-2
disintegrator and after the final milling in DSLA $hows (Figs 3.16 and 3.17) that the mean
diameter of the particle by volundg, " has diminished two times (from 0.82 to 0.39 mm).
Comparing the percentage distribution curves of ®BIMA particles morphology
characteristicAS andRN (Figs 3.18 and 3.19), only slight changes in therage value can
be observed (see Table 3.2).

The percentage distribution curves of the PMMA ipbrtaspectAS are overlapping. The
percentage distribution of the roundn&3¥ after the final milling in DSL-115 has smoothed
away and the median value is more differeRN(1.31-38) than that calculated by IA
analyzing program (RN 1.31-1.32).

3.1.4. Technological properties of the produced pla  stic powder

Density

From the technological point of view, the data altbe density and flowability of the plastic
powder are important, so the apparent density,d@amsity and flowability of the milled
product —the plastic powder — were determined. ddt@ about the tap and apparent density
are necessary for the further design of a new caitgonaterial. The PMMA powder as a
filler material with a higher apparent density inxtare with the binder agent saves the cost of
the product by reducing the content of the bindgné and thus affecting the properties of
the composite. The results of the density measurs=ref the PMMA powder are given in
Fig. 3.20.
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Figure 3.20. Dependence of the density of the PMiiBed powder on the specific energy
of treatment.

As it follows from Fig. 3.20, the density of PMMAowder increases remarkably after
preliminary milling in the DSA-158 disintegrator cgalby milling in the DSA-2 disintegrator

(after the first three stages) and changes orilg bifter final milling in DSA-2. This is similar

to the medium particle size distribution (Fig. 3.The tap density of the milled PMMA

powder is about 20 percent higher than the appaengity.

Relative flowability

To measure the relative flowability of the milledvpders after the multi-stage milling in

DSA-2, the powder was classified by sieving to &fions mm: 0.315; 0.315-0.63; 0.63-

1.25; 1.25-2.5 depending on the used funnel (wBtBanm diameter of a hole).

The relative flow-rates of the plastic powder fraos were the following: 23 seconds for
0.315; 29 seconds for 0.315-0.63; 25 seconds e8ands for 0.63-1.25; the flow rate for

the 1.25-2.5 could not be measured.

The flow-rate of the PMMA powder after the five-gtamilling in DSA-2 was 42 seconds and

the flow-rate of the finally milled powder in theSD-115 was 21 seconds.

3.2. Reprocessing of compounded plastic scrap of pe rsonal computers

The compounded plastics of the WEEE- personal coenpuvhose share in monitor housings
is 21 mass %, in processors 4 mass %, in keybd®@dwass % (see Figs 3.25-3.27) were
under the study. The compounded plastics (PC-AB®yacessors, monitors and keyboards
from personal computers were cut into pieces aed freliminarily milled for the feed of
DSA-158. The multi-stage milling (up to 16x) of tbempounded plastics was performed in
the DSA-2 disintegrator. After each step the samfilethe sieve analyses were taken.

The results of the preliminary and final milling tife compounded plastics from different
parts of computers are given in Table 3.3. The ghaif different pre-crushed and milled
compounded plastics are given in Figs 3.23 and.3.24
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Table 3.3. The medium particles size of the compqulastic powder

PC+ABS ABS+HIPS PS+ABS+PPE
Type of Energy of | monitors |/\5> PrOCessOr keyboards monitors
disintegrator and Multiplicity of  treatment Medium size d, mm
milling step milling KWh/T o
primary material - 0 100 100 100 100
DSA-158 2 1.4 12 9.9 15 9.7
precrushing
1 3.8 7.5
2 6.2 6.2
DSA-2 4 11.0 5.3 - - -
preliminary milling 8 20.6 4.1 4.1 6 4
12 30.2 - 3.9 4.3 3.8
16 39.8 3.6 3.8 3.6 3.6
DSL-115 1 46.6 3.1 3.3 3 3
final milling with 2 53.4 2.6 2.8 2.8 2.8
separation 4 67.0 2.2 2.3 1.7 24

As for the physical and mechanical properties efflastics to be milled, the tensile strength
and impact strength of the ABS plastics are lowantthose of the compounded plastics PC-
ABS (Table 2.1). After the fracture, the elongatmnthe PC-ABS plastics is exceeding five
times that of the ABS plastics. These PC-ABS piastvere easy to cut with the guillotine
shears for feeding the DSA-158 (100-150 mm). Atfitver preliminary milling in the DSA-158,

it was obvious that this material has a ductilectitee mechanism. The preliminary milled
material was appropriate for the feed of the DSAThe multi-stage milling of the
compounded material was performed by the DSA-2nthgrator in the direct milling
condition. The results of the preliminary size retitin of the compounded plastic PC-ABS in
the disintegrator mill are shown in Fig. 3.21. A$oillows from Fig. 3.21., the best results of
the size reduction were achieved after the two gimiepreliminary milling in the DSA-158
when the mean particle size was about 11 mm, dedtak third stage of milling in the DSA-
2 when the particle size was 5 mm.

During the next stages of milling (from stage 8Bj)othe size reduction is less effective (from
5 mm to 4 mm). During the intermediate milling ihet DSA-2 disintegrator, the size
reduction of the material was less effective beeafghe plastic deformation of the particles
after collision. Thus, for fracturing the particles the ductile material, the number of
collisions increases more than 10 times.
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Figure 3. 21The dependence of the medium particle sizée milled compound plastic PC-
ABS on the specific energy of treatment.
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Figure 3.22. Dependence of the medium particles an the specific energy of treatment of
the compounded plastics.
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As it follows from Table 3.3 and Figs 3.21-3.22¢ thest results of the size reduction were
achieved after the two times of preliminary crughim the DSA-158, when the mean patrticle
size was about 9.7-15 mm (Figs 3.23); after thétesglages of preliminary milling in the
DSA-2, the particle size was in the range of 4-6 (&ig. 3.24). The final milling in the DSL-
115 disintegrator in the direct milling conditionsduced the size by 50 percent (1.7 to 2.4
mm).

Figure 3.23A photo ofABS+PC Figure 3.24. A photo of ABS+PC milled
precrushed plastic of monitors plastic of monitors

Table 3.4. The diameter, aspect and roundnesohited PC-ABS powder fractions.

Fraction <0.315 | +0.315| +0.63 | +1.25
mm —-0.63 -1.25 -25
mm mm mm
Parameter
dso, MM 0.16 0.47 0.94 1.88
dm, mMm 0.37 0.69 1.40 2.63
dm¥, mm 0.46 0.74 1.70 3.60
Aspect, 1.67 1.62 1.55 1.52
AS
Roundness, 1.57 1.53 1.43 1.32
RN

As it follows from the table the roundness and aspsarameters of milled PC-ABC
compounded plastics are increasing a little whee sf particles is decreasing.

3.3. Reprocessing of the multi-material scrap of pe  rsonal computers

The printed circuit boards (PCB) of personal coremutvere studied. As it follows from the
diagrams of the sorted materials of dismantled quels computers (Figs 3.25-3.27), the
printed circuit boards are forming 11.0 mass % mfcpssors, 4.9 of monitors and 2.4 of
keyboards. Printed circuit boards are mainly predutrom thermosetting resin (epoxy or
phenolic resin) and reinforced with fibres suchpaper, wood, textile and glass (of high
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performance). FT-IR (Fourier

Transform Infrared @pameter) spectra of the plastic pieces

from the light fractions after the sink—float testj show that PCB scrap mainly contains glass

fibre reinforced by the plastic

scrap of PCBs contains multi-

s of epoxy resinstmthe density range of 1.5-2.0 gftthe
elements: Al (2.8 nta$sCu (10.0 mass %), Pb (1.2 mass %),

Zn (1.6 mass %), Ni (0.85 mass %), Ag (280 ppm)(ALO ppm) [79].

Speakers &
fans 1.4%

Pins & sockets
1.2%

HDD’s 14.1%

Aluminium 0.5%

Copper 0.3%

Others 1.6%

Plastic 4.3%

Ferrous metals
62.1%

Figure 3.25. The sorted mate

rials from the proasssbpersonal computers (mass %)

53.6 %

CRT display’s

Plastic 21.0%

Ferrous metals

4 5.0%

—— Copper 2.8%

\Aluminium
1

5%

Figure 3.26. The sorted materials from the monitdnsersonal computers (mass %)
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Others 2.1 %

Cables 9.4 %

PCB’s 2.4 %

Films & circuits
7.5%

/_—Plastic 78.6%

Figure 3.27. The sorted materials from the keyb®afgersonal computers (mass %)

The reprocessing technology of the printed cirbodrds in disintegrators consisted of the
following stages:
- the preliminary size reduction of the PCB pldigghe experimental DSL-158
disintegrator (up to 2 times);
- the intermediate milling for the size reductiortihe semi-industrial disintegrator
DSA-2 (up to 6 times);
- the final milling by the DSL-115 disintegratorstgm in the selective milling
conditions to separate the plastic and metallicpaments

DSL-158 2X DSA-2 2X 4x 6Xx
100
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§ 10
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(O]
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= —C—
—O
0.1 ‘ ‘ ‘
0.1 0.4 5.2 10.0 14.8

Specific energy of treatment  E ¢, kWh/t

Figure 3.28. Dependence of the particles mediae @i printed circuit boards on the specific
energy of treatment
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The results of the preliminary size reduction amgrnmediate milling are given in Figs 3.28
and 3.29. Similar to the reprocessing of the cont@a@sd compounded plastic scrap (see Figs
3.1 and 3.21), the particle size of the plastic ponent from PCB after a 2-stage milling is
about 5-10 mm, after 1-2 times of milling in theidiegrator DSA-2 it is around 1 mm. The
powder particles from PCB after the preliminaryesieduction are mainly lamellar (Fig. 3.30)
after preliminary milling and they stay lamellateafthe milling in the disintegrator DSA-2.

Figure 3.29 The preliminarily milled PCBs from diantled personal computers

Figure 3.30. Separated composite plastic Figure 3.31. Separated metallic
from the preliminarily milled PCBs components from the milled PCBs

57



3.4. Conclusions

1. The prospective mechanical method — milling lojlision — and the use of the
disintegrator milling systems to obtain secondaw material — plastic powder from
the composite and compounded plastic scrap — iodsimrated. The reprocessing of
the composite PMMA+GFP plastic scrap by using degirators in the separative
and/or selective milling conditions will enable pooduce the acrylic plastic powder
with a determined granularity and technologicalpemties (the apparent density and
flowability).

2. The advantages of disintegrator milling in comgmn with existing advanced
technologies for the size reduction of the compoaiid compounded plastic scrap by
using horizontal shredders and granulators aréotfeving:

— simultaneous separation of the components otdmeposite (it is not possible with
shredders and granulators)

— lower specific energy of treatment

3. From the reprocessing studies of the PMMA+GFhmusite plastic scrap, the
following conclusions can be drawn:

— as a result of the preliminary milling of thenfairced acrylic plastic wastes in DSA-
158, about 1/3 of the glass fibre intact in therr@satrix is removable by sieves.

— as a result of the intermediate milling in DSAx2der the multi-stage direct milling
conditions the mean particle size was about 0.5 and about 25-30 mass % of
glass fibre intact of the PMMA composite was reatue by sieves;

— the one-stage final milling of the PMMA compositeaterial by the disintegrator
milling system DSL-115 in the selective milling abtions reduces the size of
particles of the acrylic plastic powder about 2désand leaves the content of the glass
fibre as intact as the minimum.

4. The best results of reprocessing the compouptiestic scrap by disintegrators will
enable a remarkable size reduction: after the timges of preliminary crushing in
DSA-158 the mean patrticle size was about 10-15 Buming the intermediate milling
in the DSA-2 disintegrator, the size reduction bé tmaterial was less effective
because of the plastic deformation of the parti@déer collision. Thus, for the
remarkable size reduction of the particles of thetite compounded plastic, the
number of collisions, i. e. the multiplicity of riig must be more than 10 times.

5. The reprocessing of the multi-material (plastietallic) scrap of personal computers,
particularly, the printed circuit boards, is diiet at the first stage. Later on, the
reprocessing does not differ essentially from therocessing of the composite and
compounded plastic scrap. The separation of thstipland metallic parts of the
milled multi-material in the selective milling cotidns needs an additional study to
determine the optimum milling parameters and in tesign of new classifiers
accounting for the densities of plastic and metadhrts.
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4. DEVELOPMENT OF NEW PRODUCTS ON THE BASIS OF
PRODUCED PLASTIC POWDERS

4.1. Technological tests on the milled plastic powd er used as the
filler material in new composite plastic

For an ideal filler, the characteristics shoulduxe the following: a low cost, the availability,
low oil absorption, a good wetting and bonding so&f, a good chemical resistance, high
strength (non-friable). In addition, if a completeanufacturing control were possible, the
following properties would be desirable: colour,agh, density, modulus, size (and its
distribution), thermal expansion and the electrarad thermal properties [72].

The most common method to describe the maximum ipgcgystems of fillers is the
continuous grading, which is the most common mettedlend the fillers to obtain the
minimum voids to be occupied by the binders. Th&teay is actually based on the fact that
the coarsest particle pack is to produce the groksme of the system. As the finer material
is added, it occupies the voids between the largasicles, so that the total volume is not
expanded. Each additional finer material also hasid volume, which in its turn may be
occupied by still a finer material. The resultingogetric progression then depends on the
least voids left in the system and a very wide eanfjthe particle sizes to achieve a high
degree of packing [72].

4.1.1. Density of the mixed filler materials

The aim of the experiments was to maximise the itlers the filler material. For this
purpose six fractions (size in mm0.315; 0.315-0.63; 0.63-1.25; 1.25-2.8; 2.8-5.6)hed
PMMA powder were used to prepare the mixtures & fitler materials. At first, we
measured the apparent density of each fractionn Twe different fractions were mixed at a
time with the mixing ratio 50/50. By using only ofraction of the PMMA powder, the best
apparent density 0.64 was measured for the fracfto®-2.8 mm). By mixing the two
different fractions of the PMMA powder, the filleonsisted of 50 mass % of coarse fractions
(5.6-2.8 mm) and 50 mass % of fine fraction®©(315 mm) and thus, had the best apparent
density 0.75 (see Fig. 4.1). The filler materiahsigted of 50 mass % of coarse fractions
(1.25-2.8 mm) and 50 mass % of fine fraction®.315 mm) had the best tap density.
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Figure 4.1. The apparent density of the mixedrfilteterials of different fractions
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4.1.2. Specific surface area of the plastic powder

The specific surface area of the fine fraction (318 mm) of plastic powder was determined
by using the Blaine permeameter. The specific sarfareas of the coarse fractions (0.315-
0.63; 0.63-1.25; 1.25-2.5; 2.5-5.0; 5.0-11.2) weateulated on the basis of formula (1.7). The
specific surface areas of sphere-shaped par&$#neicand tabular particleSSAwpuiar were
calculated on the basis of formula (1.7) — seeddbl. Two proportionality constants for the
particle shape were used (6 for the spheres anfiSkalue for the tabular-shaped patrticles).
The specific surface area obtained by the Blaimenpameter test for fractions less than 0.315
mm was within a range of 0.0600-0.0638gn

Table 4.1. Diameter, aspect and specific surfaga af the acrylic plastic powder fractions

Fraction < 0.315 +0.315| +0.63| +1.25 + 2.5 +5.0 >11.2
and mm -063 | —1.25, -25 -50 -11.2
share mm mm mm mm mm mm
3% 7% 14 % 27 % 35 % 10 % 4 %
dso, MM 0.16 0.47 0.94 1.88 3.75 8.10 12.10
Aspect,AS 2.07 1.91 1.71 1.61 1.55 2.40 3.01
SSApheri mzlg 0.0315 0.0107| 0.0054 0.0027 0.0013 0.0006 0.0004
SSAvwulan, mZ/g 0.0652 0.0205| 0.009p 0.0043 0.0021 0.001§ 0.0013

A comparison between the results of the specifitasa area of the fine fraction (< 0.315
mm) obtained by the Blaine permeameter test andcétheulations presented in Table 4.1
show that the results are within a similar randee &spect value is an important parameter for
calculating the specific surface area of the pladiof the tabular shape.

On balance, the particle size and the surface @@ade only the means for classifying the
particles and their effects on the composites.

4.1.3. Production of the new composite material usi
technology

ng the solid surface

Technological tests with the new filler materiaherylic powder — were made by using the
Solid Surfacecasting technology. Most of the sinks for bathrecsmne produced by applying
this technology. Composites were designed with different mixing ratios of the binder
(unsaturated polyester resin) and the filler (acrgbwder). The volume of the filler varied
from 50 to 65 mass %. The mixing ratio of the fillas 50 mass % of coarse fractions
(+1.25-2.5 mm) and 50 mass % of fine fractions §&6.mm) of the acrylic powder material.
1 mass% of the peroxide catalyst was added to eratel the polymerization of
transformation from the liquid state to the solidte with the maximum physical properties
including hardness. The liquid mixture of the comip® was cast into the mould of plate
shape (500 x 500 mm) with a layer thickness of 1b. e assumed that by increasing the
acrylic filler content in mixture with polyester i@ gives the hardness and good wear
resistant properties of the working surface ofdimk. The curing time of the composite was 4
hours. The best flow characteristics in the mouktenin the mixture with 50 mass % of
acrylic filler and 50 mass % of resin, but aftetigting the best surface quality appeared in
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the mixture with 65 mass % of acrylic filler and B&ass % of resin. The flow characteristics
of the mixture 65/35 could be improved by usingliveder agent with a lower viscosity.
Commonly the sinks are made of the composite nateonsisting of the binder agent (an
unsaturated polyester resin), the filler materibk (dolomite powder) and the catalyst agent
added to the resin to make it cure more rapidlye fifixing ratios of the binder agent and the
filler material are 25/75 mass %. The hardnessvesat resistance of the working surface of
bathroom sinks is achieved by applying a thick D®-mm gel-coat (resin) layer, which is
either clear or coloured. That is the main reasamgthese sinks are intended for the use only
in bathrooms because it is easy to scratch or affiifhe decorated surface in the kitchen and
thus, the bacteria could live there. The traditidiler material used in the casting technology
is a white dolomite filler with the chemical comgam of calcium and magnesium carbonate
Ca Mg (CQ), with the density of 2850 kg/fnThe traditional filler is a concrete mix of
coarse fractions (+0.20 —0.60 mrt0.10 —0.30 mpmand fine fractions (< 0.80 mmwith the
apparent density of 2000 kgim

4.1.4. Porosity of the composite

We assumed that the air entrapment inside the csitegowill cause porosity of the material
and this would influence the mechanical propertiésr analyzing porosity, the micro-
polishes of cross-sections were made and the imtag€svl were obtained (Figs 4.3 and 4.4).
The images were analysed withage-Pro Plus3.0. Firstly, the surface areas of the matrix
and the pores were calculated. The total aredeifpbres was 6.5 %. The pore size data
obtained by the image analysis method were prignatdscribed through the arithmetical
mean diameted,, of the measured values (Fig. 4.5). The mean dianoétthe pores was 97

m (Fig. 4.4). As it follows from Fig. 4.3, the mediameter of the PMMA patrticle was 105

m; at the same time, the mean roundness parambtef particles was 1.56 and the mean
aspeciASwas 1.67.

Figure 4.3 The cross-section of the Figure 4.4 The pores in the composite
PMMA + the polyester resin composite
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Figure 4.5 The mean diameter of the pores

4.2. Mechanical tests on new composite plastic mate

4.2.1. Tensile strength of the composite materials

Table 4.2. Results of performed tensile test

rials

The tensile tests were performed on the compositesd differently (the ratio between the
resin and the filler material was different). Tlesttpieces for the tensile test were prepared
according to ISO 527-2/1A/50 typelB (Fig. 2.12).eTtest pieces were cut out from the
material of plastic composite plate and polishetle pplied measuring device was the
caliper and the measurement accuracy was 0.1mmnooifpare the test results specimens of
PMMA sheet material were made. The results of tenests are given in Table 4.2,

No. of test piece

Elongation after

Tensile strengthRy,

breakage &, % | N/mm?
35/65-composite plastic (filler PMMA 65 0.60 10.5
mass % and binder 35 mass %)
34/66-composite plastic (filler PMMA 25 0.36 13.2
mass %, CaC¢MgCO; 41 mass % and
binder 34 mass %)
40/60-composite plastic (filler PMMA 60 0.87 17.7
mass % and binder 40 mass %)
45/55-composite plastic (filler PMMA 55 1.28 15.9
mass % and binder 45 mass %)
50/50-composite plastic (filler PMMA 50 0.95 18.2
mass % and binder 50 mass %)
38/62-composite plastic (filler PMMA 62 1.30 20.7
mass % and binder 38 mass %)
0909- PMMA sheet material 2.02 41.6
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Our aim was to compare the tensile strength ohthe composite materials to PMMA sheet
material (etalon material). The best tensile stifeng0.7 MPA belonged to the mixed
composite consisting of 38 mass % of resin and @8sn®% of. The tensile strength of the
PMMA sheet material exceeded it two times. As iswaentioned before our assumption that
the pores inside the material influence the terstilength of new composite material was true.
Pores in the specimen cross-section acted likesssttencentrators, so it was difficult to
estimate the influence of the resin and filler i@ on composite material tensile strength.

4.2.2. Surface hardness of the composite

As it was mentioned above, an increase in the iacfijler content in the mixed polyester
resin ensures the strength and hardness of theiaiag®od wear resistance properties for the
surface of the materials. Therefore it is importantietermine the hardness of the composite.
The following hardness methods were used:

— the Brinell hardness HBS (a 1 mm diameter sta##ldmnd a load of 49 N for testing
materials 1-3 and 5, the load 98 N for materiabécrause the load 49 N did not make
indentation on the measured surface observabletharsdthe load 98 N was used. The
results of the hardness tests are given in Tabgs 4.4.

— the Rockwell hardness HRE (a 6.35 mm diametet btdl and a load of 980 N)

Table 4.3. The Brinell hardness of composite maleri

No. Load F, |HBS

Type of material and composition N

1. | 50/50-composite plastic (filler PMMA 50 mass #da 49 21.5
binder 50 mass %)

2. | 35/65-composite plastic (filler PMMA 65 mass #igla 49 13.3
binder 35 mass %)

3. | 34/66-composite plastic (filler PMMA 25 mass %, 98 47.4
CaCQMgCOs; 41 mass % and binder 34 mass %)

4. | 45/55-composite plastic (filler PMMA 55 mass fida 49 15.2
binder 45 mass %)

5. | 40/60-composite plastic (filler PMMA 60 mass #igla 49 21.1
binder 40 mass %)

6. | 38/62-composite plastic (filler PMMA 62 mass fida 49 13.4
binder 38 mass %)

7. | 0909- PMMA sheet material 49 26.1

The results of th&rinell hardness test showed that the best surface hardeksged to the
composite material 34/66, but the applied load was times bigger than for other
composites. To compare the hardnesses of the campaaterials the Rockwell hardness test
was performed.
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Table 4.4. The surface and core hardness of tlkestunaterials

Type of
material Composition Hardness
HBS HRE
surface core
0909 | Acrylic plastic without any technological 21.5 99.6 99.2
PMMA | additive
sheet
Composite  Composite plastic (filler PMMA 25 mass %, 47.4 78.5 73.7
34/66 |CaCQMgCO; 41 mass % and binder 34
mass %)
Composite  Composite plastic (filler PMMA 60 mass % 21.1 81.9 80.3
40/60 |and binder 40 mass %)

There was a noticeable difference between the surdad core hardness of the composite
material 34/66. The PMMA sheet material had thet sesface hardness, which is mainly
used for the production of bathtub shells. The leshposite material for producing the
washbasin is the composite 40/60, because it fesithilar values of the surface and core
hardness after the wear test.

4.2.3. The abrasive wear test

The abrasive wear resistance of plastic compogites determined using the method of the
rubber wheel testv(= 10 m/sF = 140 N) and abrasive quartz sand (+0.1 — 0.3 wath) the
amount of 0.5 kg. The wear test results are giveiidble 4.5. Wear surface profiles were
measured by the profilometer. The obtained resuipresented in Figs 4.6-4.7.

- 15.6 . B 1556 _
Y Y : r
‘\ -------- .')\ ------------ ‘\ *

: < s s

_ 151 _ _ 138 _

Figure 4.6 Wear surface profile of the 4C Figure 4.7 Wear surface profile of the 34/66
composite material composite material
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Table 4.5. The abrasive wear resistance of theéipleemposite materials

Type of Density Wear rate Relative wear
material resistance,
surface core surface| core

glcnt inmg | in mm/Nm 10° | inmg | in mm/Nm 10°

0909- 1.19 113.0 858.6 110.6 840.3 1.G 1.0

PMMA

sheet

34/66- 1.57 241.2 1389.1 226.4 1303.7 0.62 0|64

composite

40/60- 1.08 128.8 1078.6 106.6 892.10 0.80 0/94

composite

4.3. Particles packing

Calculations for maximum particles packing were eawh the basis of the cubic crystal
systems of metallic atoms. The maximizing of theipl@s packing is discussed in literature

[72, 94]

Particles packing with one fraction

Particle packing of one fraction in the cubic caystructure:

— packing by the simple cubic crystal structureg(Fi.8). Compactness of the structure

particles.

Figure 4.8. One fraction of the particles placethim corners (8 pcs)

052. This particle packing is improbable because ef rdmdom packing of the

— packing by the body-centred cubic crystal stmectd (Fig. 4.9). Compactness of the

structure
packing system.

068 This particle packing occurs more frequentlyhe thono-particle
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Figure 4.9. One fraction of the particles placethim corners (8 pcs) and in the centre (1 pc)

Particles packing with two fractions
Particle packing of two fractions in the cubic ¢eystructure:
— packing by the simple cubic crystal structurey(Bi.8). The second smaller fraction is
in the centre with the diametel, 0.73d,. Compactness of the structure 082

This particle packing is probable.

Figure 4.10. Two fractions of the particles - larg&ced in the corners (8 pcs) and smaller in
the centre (1 pc)

— packing by body-centred cubic crystal structiig.(4.9). The second smaller fraction
with the diameterd, 063d, is in face-surfaces. Compactness of the struature
087. This particle packing is probable.

Figure 4.11. Two fractions of the particles packethe body-centred crystal structure -
larger particles in the corners and centre (9 pnd)smaller ones in the centre of faces (6 pcs)

Particles packing with three fractions
Particle packing of three fractions in cubic crystaucture:
— packing by a simple cubic crystal structure (Bi®). The second fraction with the
diameterd, 063d,is in the centre, the third smallest 0.155d, is on the edges

of the cube. Compactness of the structure .089
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Figure 4.12. Three fractions of the particles pddkea body-centred crystal structure the
larger packed in the corners and centre (9 pcs)staller in the centre of faces (6 pcs) and
the smallest in the centre of edges (12 pcs).

The types of the particle packing are presentélchivie 4.6.

Table 4.6. Particle diameters and compactnedseafttucture

Type of structure Powder particle diameter Compesgrof the structure
One fraction: 052
d 2R
r 2
2
One fraction: 068
d 2R
N
4
Two fractions: 082
d 2R
R a d, 073,
2
Two fractions: 087
d 2R
. a/3 d, 063,
4
Three fractions: 089
d 2R
. a/3 d, 063,
4 d, 0.15%,

4.4. The numerical modelling

As it is pointed out above, one of the aims of ¢haent study is to maximize the density of
the filler material. The relation between the dgnsf the filler material and the fractions of

the PMMA powder are modelled on the basis of theeerental data (discussed in section
4.1.1). Two different numerical techniques are emedl for the design of response surface
(cubic B-splines andNeural Networkps [95-100]. When proceeding from the model of the
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obtained response surface, the search for the nuaxigalues of the filler material density is
performed. The minimum values of the filler maaédensity are also of much interest as the
most undesired (critical) cases.

4.4.1. An approximation based on the use of cubic B -splines

The Bezier and B-splines are widely used for the computeedidesign. The surfaces
constructed by the use of these two new splinesalanormally contain the given points. In
this respect some similarity with the least-squaneghod can be followed.

However, unlike a natural cubic spline and thetlsgsiare method, the Bezier and B-splines
have the local control. This means that when madifypne control point, it only affects the
part of the surface near that control point. Thisery useful when using the B-splines for
designing surfaces [95, 99]. The complexity of #pproximation and the computation cost
are reduced significantly. The interpolating B-splisurface patch depends on 16 points [95],
as shown in Fig. 4.13.

Pi_1j+1
P @ Pi_1j+2
i—1, j
Pi—1, 21 ® o
() Pi j+1
Pi (] Pi j+2
PI,J—l . .
(]
Piig j+2
I:)i+1' o
, -1
@
@ Pit1
P I::‘i+2,j+1
i+2 ]
@ Piio j+2
Pi+2j-1 (] °
()

Figure 4.13. The example of B-spline surface pg&h

Let us consider that a set of pointg {( X .V..Z ).k O,..n} is determined from the

experimental data and we wish to fit a surfacdtsé points. The coordinates of any point on
the surface can be given in the parametric form as

% % (uv),
Yo Yi(uv), 4.1)
z  z(uyv)
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whereu,v are the independent variables that range overemgiet of values (Ou 1 and

0 v 1)

Proceeding from the matrix formulation for cubicsplines given in [68] the coordinates
% ; (u,v) can be computed as

X (Uv) (1/36)U8 u? ulM X, MT Ve 2 w1’ 4.2)

where X; , is the 4 x 4 matrix

X111 X1 X1 X1
S TP TR T ws)
X1 %1 K11 XNaije2
X

i 2] 1 X 2,j X 2,j 1 X 2,j 2

containing thex-coordinates of the 16 given points (see Fig. 4r@) the matrixM, is given
by

1 3 31
M 3 6 3 0 4.4)
® 3 0 3 0 '
1 4 1 O
similar bicubic equations (cubic in and v) hold fory and z coordinates
Y (uv) (1/36)u® u? uLMY, My V2 V2 vl
z;(uv) (1/36)u’u* ulM,Z Mg v’V vi' (4.5)

In the current application, the given surface moBre located regularly with respectxcand

Yy coordinates, since the values of xhand y coordinates are considered as the average
values of the particle sizes of each fraction &f BEMMA powder. Furthermore, the same
values of the particle sizes are used in bethnd y axes. As result, the expressions for

and y coordinates reduce from bi-cubic equation to cumaations (no coupling). Thus,

these equations can be solved with respeai ([mrv). The latter fact allows the simplified
application of the parametric relations (4.2), Y4Mamely, first, the parametets andv can
be computed for fixed values at andy, next, the value of the coordinate can be

determined from the second equation of (4.5). Hmesprocedure can be applied to a general
case, where the given surface points are not Idaatgularly, however, in the latter case the
complexity of the numerical solution increases sigantly.

The computation algorithm is implemented in Maple(4ymbolic and numeric calculation)
and Matlab 6.5 (numeric calculation, graphics) sodéne data exchange between the Maple
and Matlab software packages is performed througkt files. The surface models
corresponding to the apparent and tap densitiegbeoinaterials of the PMMA powder are
depicted in Figs 4.14 and 4.15, respectively.
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Density 4

Fractions in mm Fractions in mm

Figure 4.14. A surface model of the apparent dgmdithe acrylic powder (cubic B-splines).

Density ¢

Fractions in mm Fractions in mm

Figure 4.15. A surface model of the tap densitthefacrylic powder (cubic B-splines).
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The proposed algorithm enables to determine theitiles of the filler material at any point of
the constructed surface. How to determine the mdlealues of densities of the filler
material is discussed in section 4.2.3.

4.4.2. An approximation based on the use of  Neural Networks (NN)

Neural networkgNN) were started about 50 years ago. Their esriljties were exaggerated,
casting doubt on the field as a whole. An increggmterest in this field can be observed with
the appearance of new techniques (recursive neatabrk, the Kohonen’s feature map, etc.)
and a better theoretical understanding of theiabdies.

The problems of neural networks can generally beegmaized as one of four types:
classification, function approximation, predictiand clustering. The problems studied by the
use of neural networks belong to the different sreaich as marketing, the investment
analysis, signature analysis, process control,cspgeneration, statistical analysis and others.
In the current study the neural networks are agptee the approximation of the density
function (surface fitting). An approach suggestetbased on the use of the MATLAB neural
network toolbox. The model is constructed by apmythe generalized regression of the
neural network function newgrnn (1,0,spread). Thrgit parameters can be described as

| — n x m matrix of m input vectors,

O — n x m matrix of m target class vectors,

spread — the spread of radial basis functions uttefal .O.

The function newgrnn creates a two-layer netwohe Tirst layer has radbas neurons and the
second layer has purelin neurons. A larger spreadesponds to a smoother function
approximation. To fit the data very closely, a dera$pread than the typical distance between
input vectors should be used. To fit the data nsomeothly, a larger spread should be used.
In order to calculate the outputs for a concurmaitof input vectors, a network simulation
function sim (net, P) is used. The first input paeter is a network object generated by the
function newgrnn and the second parameter standthéinput matrix. This is the batch
mode form of simulation, in which all of the inpugctors are placed in one matrix P. Finally
the outputs of the function sim (net, P) can beduseinputs (Z) for function mesh (X,Y,2),
which is used for the surface drawing.

The obtained surface models corresponding to tiparept and tap densities of the PMMA
powder materials are depicted in Figs 4.16 and,4espectively.
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Density 4

Fractions in mm _ _
Fractions in mm

Figure 4.16. A surface model of the apparent dgmdithe acrylic powdemeural network}s

Density ¢

Fractions in mm Fractions in mm

Figure 4.17. A surface model of the tap densitthefacrylic powderreural network}s
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In Figs 4.8 and 4.9, relatively small values of peead parameter (0.5) are used in order to
fit data very closely. As a result, the data arefiited very smoothly and the corresponding
surfaces have several local and global extreméls.r&sults obtained by both approximations
are reasonable. However, due to the absence dfltsed-form analytical solution to the
considered problem, here is no possibility to cotepand compare the absolute errors
corresponding to cubic B-splines and neural netwiaéed models. An approximation based
on the use of neural networks seems more flexibéetd the presence of the spread parameter
in a model. It should also be mentioned that thelémentation of the neural network based
model was much simpler, since most of the work loardone by built-in functions of the
MATLAB and its toolboxes.

4.4.3. The maximum and minimum densities of the fil ler material

Let us proceed from the surface modelled by theofiseural networks or cubic B-splines. In
order to determine the extremal values of the dermdithe filler material, a search for the
global maximum and minimum should be performed. TM&TLAB functions fmincon
(optimization toolbox) and patternsearch (genelgo@thm and direct search toolbox) has
been utilized for this task. The extremal valueshef density of the filler material depend on
the value of the parameter spread (NN approximatis it can be expected, the extremal
values of the density of the filler material incseawith the decreasing values of the modelling
parameter spread, and vice versa (see Table 4.7).

Table 4.7. Dependence of the density of the fitteaterial on parameter of the modelling
spread (NN)

Spread 0.5 0.7 1.0 2.(
Min of the apparent density 0.60D.620| 0.631| 0.637
Max of the apparent density 0.788.730| 0.727| 0.711
Min of the tap density 0.7010.706| 0.724| 0.755
Max of the tap density 0.8000.789| 0.784| 0.774

It is noted that the function (fmincon) convergestite nearest extremal. Thus the global
extremal can be achieved by the selection of alskitinitial point. The initial max (min)
point is chosen from the set of grid points (thdexe is covered by a uniform grid).

The extremal values of the density of the fillerten@l corresponding to cubic B-splines
approximation are given in Table 4.58.

Table 4.8. The extremal values of the density effiler material (cubic B-splines)

Min of the apparent density  0.695
Max of the apparent density 0.741
Min of the tap density 0.763
Max of the tap density 0.834

Table 4.5 is significantly reduced in comparisothwviiable 4.4, since in the case of cubic B-
splines the approximation is not a modelling parame
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An attempt was made to use the MATLAB Genetic Alifpon and Direct Search Toolbox.
The genetic algorithm functions ga and gatool allmwvdetermine the global extremal.
Unfortunately, these functions do not support thietson to the constrained problems. There
exists the possibility of applying limitations ohet initial range of data. However, the
subsequent generations can contain the points wéasees do not lie in the given initial
range. The direct search algorithm — patternsearshpports the linear constraints given in
the form of inequality or equality, also settinge ttower and upper bounds on the variables,
but similarly to the optimization function fmincomt converges to the local minimum
(maximum). For that reason the initial grid coverithe whole surface and the preliminary
search for the optimum in the grid points is empbhy

4.5. New products made of the recycled material

4.5.1. The concept of a sustainable product develop  ment

The termsustainable developmewts coined by the World Commission on Environmerat a
Development in 1987 meaning a development satigftiie needs of the present generation
by considering the needs for a sufficient supplythe future generations. Five years later at
the conference in Rio, the members of more than d@ntries formulated an action
programme along this basic principle and made ibvwkm worldwide. It is universally
accepted, but meanwhile the sustainable develophesnto consider the social, economic,
and ecological aspects because it is the develdpgoahfor the humankind on the globe [3].

Sustainability = Social welfare + Economy + Ecols

The environmental impact has been generated sojetiie existence of human beings in the
world — the social, even religious or technologiaapects govern this. The environmental
impact has certainly been caused by our standdrdisimg and the use of technology to
improve it.

Environmetal impact = Population x Wealth/population x Exwvimental impact/ weal

The environmental impact may mean the saving ajuees, the minimization of emissions
including the disposal, or the avoidance of hazasdsubstances. The saving of resources will
obtain the equal importance in the future if timeiled availability of fuel will get more public
awareness again. The positioning of a product dipanainly on its efficient use of
resources, on an environmental impact of its prodogcon the environmental savings by
using it at the marketplace, and the amount ofitted waste left at the end of its lifetime — in
other words, on its ability to be recycled. Plasfit into this framework because they make a
positive contribution to most of these sectors.

4.5.2. A case study — the washbasin

With the evolution of new processes and produbis,namecultured marblehas come to be
identified with gel coated, calcium carbonate @llleand cast polyester matrix. With onyx
(solid or densified) and granite (polyester, eparg acrylic modified) products coming into
the market place, the market trend is to identifytese products as cast polymers [101].
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As the filler loading exceed 50% by mass, the tesylimaterial begins to enter into
“densified” or “solid surface” description. Solidurface products are formed without
protective gel coats and with very high filler cemt. They employ high performance resin
systems such as acrylic and unsaturated polyeBter.parts are fabricated by casting the
combination of resin and filler in the open moulds.
The typlcal steps followed by production of solidface include [101, 102]:

a mould of desired shape is prepared with a selegent.

- a mixture of the polyester resin and filler (npgtis catalysed, coloured for the marble
effect and poured or trowelled into the mould. Tinauld is vibrated to release the air
and level the matrix.

- after curing and shrinkage, the part is removedfthe mould, trimmed and polished
if necessary. The parts are laid on a flat surtawe allowed to cure if removed from
the mould while green (flexible).

Attachment of drain
plug

Mould preparation
and maintenance —»

Materials weighing
and mixing

v

The male mould is
«— mounted onto
vibration table

5 mixed blend is
poured into the
mould

Vibration is turned
on and mould filling |q—
continues

'

Vibration continues
to remove air and

Attachment of th
female mould ar

Filling the mould

—>
level the matrix fixing with clamps
Demoulding the part Curing the part in Stopping the
mould D vibration

'

Part is finally cured

Finishing the part

Packing the part

'

Completed product
Washbasi

Figure 4.18 A technological scheme of producingwiashbasin by using the solid surface
technology
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The solid surfac@roducts are formed without the protective gel-sqabloured resin layer),
with a very high content of the filler, and thewkahe following properties:

— the solid surface products employ a high-perfercearesin-systems such as acrylic
and unsaturated polyester resin; the design beokfihe solid surface materials is
their ability to be machined like wood;

— the solid surface products are homogeneous —igh#tte colour or pattern must be
absolutely consistent throughout every part;

— the solid surface products have a remarkablenleas] which is normally tested by the
steel balls dropped from different heights;

— the solid surface products are non-porous;

— the solid surface products are stain- and chdnmessstant

Solid surface products great performance charatiesimake it ideal for many situations in
both the residual and commercial applications: foatm panelling, bathtubs, floor tiling,
handbasins, table surfaces etc.

Our attempt was to produce the washbasin by ubegalid surface technology. We used the
developed filler material, which consisted of 40 pent of coarse fractions and 60 per cent of
fine fractions. The used composite mixture was @33r% of acrylic filler and 40 mass % of

resin.

The washbasin produced by the solid surface teoggalising the recovered plastic powder
as the filler material had the mass almost two sisenaller than that of the washbasin

produced by using calcium carbonate as the fillatemial.

Figure 4.19 The washbasin produced by the solithsartechnology of the newly developed
composite material.
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4.6. The scheme for reprocessing and recovery of th e composite
plastic scrap

The scheme for the reprocessing and material regowk the composite material scrap
consists of the collection of post-consumer elettroequipment containing composite
plastics and/or multi-materials (see Fig. 4.20).

The post-consumer electronics equipment is disdntianually and the composite plastic
details are identified by the MIR or FTIR equipm¢nb-78]. The dismantled components
require an effective separation technology to rectie main plastics.

One shaft shredder is used for the preliminary sgeiction of large details (metals, plastics,
composite plastics). Then the disintegrators wellapplied for further size reduction enabling
the separation of the components of the composigtip — the PMMA plastic powder and
glass fibre. A two-step, wet and dry separatiohnetogy is required, including an innovative
sink-floating tank for the separation of the comoglastic and metallic content from the
milled PCBs [34, 79].
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4.7. Conclusions

1. To develop the new filler material from the mdl PMMA powder, the following
technological properties were examined:

— the ratio of density of the filler material toetlsize of the fractions of the PMMA
powder was determined. The most densified fillensisted of 1:1 weight ratio of
coarse fractions and fine fractions 0.315 mm) and thus, had the best apparent
density 0.74 and also the best tap density 0.86;

— the mixed filler had the best properties of fltligy, it consisted of 50 mass % of
coarse fractions (+0.63 — 1.25 mm) and 50 mass f@fractions ( 0.315 mm) and
thus, had the best flowability (through 5.8 mm apgrof the funnel) 21 seconds;

— the best ratio of a new mixed composite mateoatained 40 mass % of resin and 60
mass % of the PMMA powder filler.

2. The mechanical tests performed on the compdsadghe following results:

— the mixed composite with UP resin and PMMA powdatio 38/62 had the best
tensile strength. The tensile strength of the caiipavith PMMA filler 38/62 was
25% higher than that of composite with traditiomaheral filler.

— the mixed composite 40/60 had the best surfamnbas by the Rockwell test method.

— the composite 40/60 had the best relative wesisteace. The core wear resistance
was better than that of surface.

3. The results obtained by the numerical modelbhthe density of the PMMA powder
are reasonable by both of the used approximatidt@wever, due to the absence of
the closed form, the analytical solution to the hpean considered here has no
possibility of being computed and compared to theolute errors corresponding to
cubic B-splines and the neural network- based nsodel approximation based on the
use of neural networks seems more flexible dueht presence of the spread
parameter of the model. It should be also mentiahed the implementation of the
neural network- based model was much simpler, simast of the work can be done
by the built-in functions of the MATLAB and its tlimxes. The extreme values of the
density of the filler material depend on the vabiehe parameter of the modelling
spread. The maximum value of the tap density OctBesponds to the spread value 0.5.
By increasing the spread value up to 2.0, the mawirtap density decreases to 0.77.

3. As a result of this case study, a new technofogyhe production of the washbasin
was developed, which consisted of the followingste

— the new filler material for the washbasin produrciwith the determined particle size
and technological properties was developed

— the new composite material with good mechanical technological properties was
developed

5. A scheme for the reprocessing and material gowef the composite plastic scrap
was developed for recycling companies in Estonia. athieve the targets of the
material recovery provided by the European UnionBEHlirective the content of the
plastic and composite plastic should be separated.
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GENERAL CONCLUSIONS

1.

Mechanical reprocessing exists as thé massibility of recycling thermosetting
composite plastics. The reprocessing of the conpddIMA+GFP plastic scrap by
using disintegrators in the separative and/or sgkemilling conditions will enable to
produce the acrylic plastic powder with a determimgganularity and technological
properties (the apparent density and flowability).

To compare the results of milling by the disgntgor devices with the existing
advanced technologies for the size reduction ottmposite and compounded plastic
scrap (by using horizontal shredders and granwdpgttie advantages of disintegrator
milling are demonstrated:
a. simultaneous separation of the components ofposite (impossible with
shredders and granulators)
b. lower specific energy of treatment

The new filler material developed from the ndllIEMMA powder had the following
technological properties:

the most densified filler consisted of 50 massflboarse fractions and 50 mass % of
fine fractions.

the best ratio for a new mixed composite matevad 40 mass % of resin and 60 mass
% of the PMMA powder filler.

The results obtained by the numerical modeltihthe density of the PMMA powder

are reasonable by both of the used approximatidhe. extremal values of the density
of the filler material depend on the value of trergmeter of the modelling spread.
The maximum value of the tap density 0.8 correspdindthe spread value 0.5. By
increasing the spread value up to 2.0, the maxitayniensity decreases to 0.77.

The washbasin produced by the solid surfacentdoy using the recovered PMMA
plastic powder as the filler material had the massost two times smaller than that of
the washbasin produced by using calcium carborsatieeatraditional filler material.

The recycling system of composite plastic isppsed for Estonian recycling
companies. To achieve the targets of the matez@very provided by the European
Union WEEE directive the content of the plastic asawinposite plastic should be
separated and recovered.
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ABSTRACT

The aim of this work was to study and develope peotve methods and technique for
mechanical reprocessing of industrial compositstmascrap, plastics and multi-materials of
post—consumer electronics. Composite plastic scoagsisted of acrylic plastic with glass
fiber reinforcement in polyester resin matrix waed as industrial scrap, compounded plastic
and multi-materials (printed circuit boards) fromrgonal computers were used as the plastic
scrap from of electric and electronic equipment.

This study describes mechanical reprocessing tdrdifit type of plastic scrap in high-energy
disintegrator mills in the direct and selectivelmg systems. The grindabilty and separation
of components of composites — acrylic plastic aladgfiber were analysed. The granularity
and morphology properties of the plastic powders discussed. New filler material from
acrylic plastic powder was developed for applicatom solid surface technology. Mechanical
properties of new composite materials, produce@xperimental manufacturing technology,
were tested. The potential application areas of feev PMMA filler material are in
production of washbasins, bathtubs, table surfagtes The scheme for recycling —
reprocessing and material recovery of compositstiglacrap was presented.

Keywords:recycling,composite plastics, compounded plastics, mecharepabcessing,
disintegrator technology, recovery of plastics.
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KOKKUVOTE

KOMPOSIITPLASTIDE RINGLUS (TOOTLEMINE JA TAASKASUTS)

Komposiitplastijaatmed, nii to0stus- kui ka olméfaéd, on probleemiks kogu maailmas, sest
neid ei ole vdimalik toddelda ja taaskasutada nagamikku termoplaste. Eestis on
komposiitplasttooteid valmistavatel ettevoteteln{&martehnika, paatide, suusabokside jms.
valmistajad) oma tootmisjddtmetega samuti probleenigiesoleval ajal ladustatakse neid
prugilasse, tulevikus on see aga keelatud. Todkstigslkomposiitplastijaatmed koosnevad
termoplastist (PMMA vGi ABS), millest valmistatakseaakumvormimise teel naiteks
vannikoorikuid, ja tugevdavast reaktoplastist, enilimaatriksiks on poluestervaik ning
armatuuriks klaaskiud — klaasplast (GFP).

Ulaltoodud plastijaatmetele lisanduvad olmejaatn{etektroonika ja kodumajapidamis-
seadmed), mis tuleb peale kasutuselt kérvaldarastiavalt ELi elektroonikaromu direktiivile
(1. grupp — suured valged kodumasinad) kokku koga@®% nende massist, kas korduv- voi
taaskasutusse suunata. Seega tuleb toodelda kae rtendete massist 1/3 moodustav
komposiitplastist koorik.

Komposiitplastijaatmetele PMMA+GFP ei ole siianiarimas Uhtegi to6tlemis- ega materjali
taaskasutuse meetodit valja tootatud ja sellesnévalt on k&esolevas vaitekirjas voetud
vaatluse alla komposiitplastist tootmisjaatmetelgktroonikaromus sisalduvate komposiit- ja
kompaundplastijaatmete ja multimaterjalide mehaamitédtlemine desintegraatorjahvatuse
teel.

Kaesoleva t66 eesmargid olid:

1. Tootada valja probleemsete plastijaatmete tanisteehnoloogia, kasutades mehaanilisi
meetodeid, uurida tootmises tekkivate komposiithiEgmete, elektroonikaromus
sisalduvate plastijaatmete ja multimaterjalide liisge voOtuks porkejahvatust ja
saadud teisese plasti — plastipulbri — taaskasgemidimalusi. Optimeerida
desintegraator-jahvatuse tehnoloogiat saamaks naéittaomadustega (osiseline
koostis, osakeste kuju ja tehnoloogilised omadupktipulbreid.

2. Teisese plasti alusel to6tada vélja uus taieeadrMMA-plastipulber, millel on
optimaalne tihedus ning head tehnoloogilised omediys uued tooted taaskasutatava
plastipulbri baasil, kasutades numbrilise modeiieise, mehaanilise katsetamise ning
eksperimentaaltootmise tehnoloogiat.

3. Kavandada elektroonikaromus sisalduvate pldéstjate kogumise, sorteerimise,
tootlemise ja taaskasutamise slsteem Eesti jaditegki@le, saavutamaks ELi
elektroonikaromu direktiiviga kehtestatud eesmargaterjali taaskasutamiseks.

TOO eksperimentaalosas uuriti komposiit- ja komphlizstijaatmete ning multimaterjalide
toodeldavust desintegraatortehnoloogiat kasutad&elleks kasutati mitut  tldpi
desintegraatorveskeid ja jahvatussisteeme (lalmysso ja pooltdostuslikud; otse-, selektiiv-
ja/vli separatsioonjahvatus). Materjalide jahvatotgess koosnes reeglina kolmest etapist:
eelpurustus, eeljahvatus ja |6ppjahvatus. Uuritiemalide jahvatatavust, osiselist koostist ja
osakeste kuju sdel- ja kujutisanalliisi meetodesliteales. Viidi l&abi katsed PMMA-pulbri
tehnoloogiliste omaduste maaramiseks. Saadud leatsepdhjal modelleeriti kahe erineva
arvutusmeetodiga (narvivorgud ja kuup-B-splainidjlisge- ja rappetiheduse pinnamudelid
ning leiti pinna globaalsed ekstreemumid (minimagimmaksimaalne tihedus). Uuriti saadud
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taiteainete kasutatavust uute komposiitmaterjaladenistamiseksolid surfaceehnoloogiaga
ning saadud komposiitplastide mehaanilisi omadusiomietugevus, kdvadus,
kulumiskindlus). Katsetulemuste pdhjal valiti vajparimate mehaaniliste ja tehnoloogiliste
omadustega komposiitplast, mida kasutati uue toete&kraanikausi — valmistamiseks
eksperimentaaltehnoloogiat kasutades.

Tulemused ja jareldused:

1. Reaktoplastide nagu ka komposiitplastide ringguvOtuks ei ole valja tootatud
tehnoloogilisi lahendusi. Nende t66tlemiseks onnkiiste ja termiliste meetodite,
nagu gaasistamine, algaineteks lagundamine ja iekasyitus, korval perspektiivsed
ka mehaanilised meetodid. Mehaaniline tdotlemistédogia on (ks peamisi
voimalusi reaktoplastidest komposiitplastide todiikseks.

2. Porkejahvatustehnoloogia ja desintegraatorjaisgéisteemid on perspektiivsed
sekundaarse toorme — plastipulbri — saamiseks ksiitypasti ja kompaunditud plasti
jdatmetest. Komposiitplastijgdtmete (PMMA+GFP) safsaoon- ja/vOi selektiiv-
jahvatamine desintegraatorveskeis vOimaldab sadddAplastipulbrit etteantud
osiselise koostise ja tehnoloogiliste omadustega{gtihedus ja voolavus).
Desintegraatorjahvatusel saadud tulemusi on varcekgiste levinud plastijaatmete
todtlemise tehnoloogiatega (horisontaalpurustigrgmnulaatorid) ning on valja toodud
desintegraatortehnoloogia eelised:

- plastkomposiidi komponentide samaaegne separeeri jahvatusprotsessis (ei ole
voimalik purustite ja granulaatoritega),

- madalam tootlemise erienergia.
Multimaterjalidest (komposiitplast + metalne matérikoosnevate jaatmete (naiteks
personaalarvutite trukiplaadid) tootlemine on vdikaainult selektiivjahvatust
kasutades: eraldatud komposiitplast on sobilik tasiseks taiteainena uute
komposiitplastide valmistamisel, metalsed kompoitndaga kasutamiseks
metallurgias.

3. Desintegraatorjahvatusel teel saadud PMMA-atiirist kavandati uus téaiteaine
jargmiste tehnoloogiliste omadustega:

- maksimaalne tihedus ja parimad voolavusomadusedaibeainel jAmeda ja peene
osise 1:1 massijaotuse korral;

- optimaalseks (tugevus, majanduslik kilg) maairika taiteaine vahekorraks
valjatootatud komposiitmaterjalis on 40 massi% wuaika 60 massi% kahe-
fraktsioonilist taiteainet.

4. PMMA-pulbri pakketiheduse numbrilisel modelleeisel osutusid sobilikuks
molemad uuritud lahendused (narvivérgud ja kuupBds). Tapse anallltilise
lahenduse puudumise téttu antud probleemile evéha arvutada ja vorrelda kuup-
B-splaini- ja néarvivorkude (NN) mudelite vastavaabsoluutseid vigasid. NN-
meetodi eeliseks vOib lugeda suuremat paindlikikngituna pinnasileduse parameetri
sisaldumisest mudelis. Samuti voib vélja tuua NNdelurakendamise lihtsuse, sest
mudel pdhineb MATLABI sisseehitatud funktsioonidal téévahenditel. Taiteaine
tiheduse ekstremaalsed vaartused soltusid modeliset kasutatud pinnasileduse
parameetri vaartusest. Maksimaalne rappetihedustassapinnasiledusele 0,5;
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pinnasileduse parameetri suurendamisel 2,0-ni lehanaksimaalne rappetihedus
0,77 ni. Modelleerimise tulemustele toetudes vé@lavtuua jargmist:

teatud algandmete korral koondusid algoritnpigtternsearchja fmincon vastavalt
globaalseks ja lokaalseks miinimumiks.

funktsioon fmincon nditas paremaid tulemusi arvutusaja suhtes, téétad
markimisvaarselt kiiremini kui funktsiogmatternsearch

Uut valjatootatud PMMA-plastipulbrist téiteainekasutati eksperimentaalse
kraanikausi valmistamiselsolid surface tehnoloogiaga. PMMA-plastipulbrist
valmistatud kraanikausi mass on ligi kaks kordaksgin, vdrreldes tavaparase
kaltsiumkarbonaadist taiteainega kraanikausist.

Valja on pakutud komposiitplastide ringluse skeeEesti jaatmekaitlejatele

(kogumine, sorteerimine, to6tlus, taaskasutus), sigaldab mehaanilise t6otluse
tehnoloogiat nende taaskasutamiseks.
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