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Summary

Summary

Powders are the only form in which polyethylene is used extensively in rotational 

moulding. The powder characteristics are recognised as being important for the production of 

good quality parts, and the grinding process is a crucial step in the preparation of the powders. 

The primary objectives of this research were to analyse the grinding process as a whole and 

identify those key factors influencing the process efficiency, and also to relate powder 

characteristics to the quality of the moulded parts.

Grinding trials identified the processing temperature, cooling temperature and post 

heating temperature as having the major effects on polyethylene powder quality. In general it 

was found that quality was improved by annealing the powders at high processing 

temperatures or over time at a slow cooling rate. The investigation of grinder throughput for a 

range of gap sizes and screen mesh sizes under closed and open circuit grinding has 

highlighted the importance of the regrind and processing temperature in defining the rate of 

powder output. The screening function of the classifier was also found to be essential to 

minimising the rate of regrind and optimising the throughput rate. It is shown found that the 

pellets are reduced in size by the removal of shavings from the surface of the pellet as it moves 

across the narrowing gap in the grinding zone. Features of the grinding zone such as the 

length, angle of rotating plate, number and angle of rotating teeth were found to have a great 

influence on the throughput efficiency of the process. Moulding trials established that powder 

quality is critical for reducing surface porosity in moulded products but has less effect on 

physical properties. Parts moulded with micro-pellets were found to have mechanical 

properties comparable with powders but they exhibited larger surface pores. Surface porosity 

was shown to be improved by addition of fine particles to the micro-pellets or by the use of 

internal air pressurisation.
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Chapter 1 Introduction

1.0 Introduction

Most plastic moulding processes use granules as the feedstock. However, a number of 

processes, such as sintering, compression moulding and coating techniques require the raw 

material to be in powder form. One of the main conventional moulding methods with this need 

is rotational moulding. This is because small powder particles can be heated and sintered more 

quickly than granules. For this reason there is a strong commercial interest in the grinding of 

plastic powders for rotational moulding.

The grinding of polyethylene has received more attention than other materials because 

it is the largest volume material used in rotational moulding. It is estimated that 80% (wt) of 

all rotational moulding uses polymer powders as the raw material, with polyethylene 

occupying 90% of this powder market1'1.

1.1 Rotational Moulding

Rotational moulding is a cyclic process for making hollow plastic products. It dates 

back to the early 1940’s. Typical rotationally moulded parts have volumes greater than 0.03m' 

and include, oil and fertiliser tanks, bins, buoys and children’s toys. Examples of such parts are 

shown in Figure 1.1. The process is unique amongst plastic processes because the heating, 

shaping and cooling of the plastic all take place inside the mould without the application of 

pressure121. The vast majority of rotational moulding materials are in powder form, although 

liquids have also been moulded successfully.

The rotomoulding of polymers was first referred to in 1941 when Clewell and Fields 

patented the use of PVC plastisols1?l. Plastisols dominated the rotational moulding industry 

until the mid 1950’s when USI Chemicals developed low-density polyethylene powders 

specifically for rotational moulding14''1. Developments with this new material were hindered by 

the inadequacies of the grinding equipment of that period. Pallman in 1958, followed by
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Chapter 1_______________________________________________________ Introduction

Wedco in 1960, introduced a high speed attrition mill for grinding thermoplastics at room

temperature. This overcame the cost problems associated with the nitrogen cooled process 

used up until that point, and made polyethylene competitive in price with other powder 

materials. By the early 1960’s the work done by USI and other institutions, in promoting the 

rotational moulding process had meant that the emphasis in the industry had shifted from 

liquid to powder systems.

Rotational moulding, also known as rotational casting or rotomoulding, is essentially a 

simple process involving four principal stages121, illustrated in Figure 1.2.

1) Charging - A pre-weighed amount of cold powder or liquid is placed in one half of a 

split mould. Additives such as pigmentation, anti-oxidant or blowing agent can be 

added at this stage The mould, which usually incorporates a vent pipe to allow 

pressure equilibrium, is then closed and secured by either bolts or quick release 

clamps.

2) Heating - The mould is indexed to an oven for heating where it is rotated biaxially in 

two perpendicular planes. The biaxial motion ensures that all parts of the mould come 

into contact with the polymer pool tumbling inside. As the metal mould heats up, the 

polymer melts and adheres to the inner mould surface. Gradually, all of the initial 

charge builds up on the mould wall. The heating cycle terminates after the polymer has 

completely melted. If the heating is prolonged then degradation or oxidation of the 

product will occur.

3) Cooling - The mould, still biaxially rotating, is indexed to a cooling environment 

Cooling is achieved by forced air, water mist or water shower. Some machines use

both methods of cooling but the end result is the same i.e. the part is cooled to the
 1 - 2



Chapter 1 Introduction

point where the material has solidified and reaches a suitable handling temperature. 

The rate of cooling from the melt to solid polymer state is critical in determining the 

final part strength, shrinkage and warpage.

4) Demoulding - The mould is indexed to the load/unloading area and the part removed 

for finishing.

Figure 1.1 Typical examples of rotationally moulded products

1-3
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HEAT

Mould Charging

Mould Rotation and Heating

Product
COOL

Figure 1.2 The principal stages in rotational moulding.

1.1.1 Process Control

The ideal rotational moulding cycle will produce a part with optimum mechanical 

properties in the shortest possible time. However, variables such as oven temperature, mould 

shape, mould material, shot size, powder particle size and the type of the polymer being used, 

will all have an effect on the heating cycle time.

Monitoring the effects of such variables and identifying optimum process conditions 

are now possible by using a Rotolog device, developed at The Queen’s University of 

Belfast16,71. This device can be used to monitor the internal air temperature of the mould and 

so provide precise process control information from within the oven. This equipment consists 

of an electronic circuit housed in an insulated chamber which is attached close to the mould. 

Thermocouples pass from the circuit, through the vent port and into the mould to record 

temperature rise, as the mould rotates in the oven. These readings are transmitted in real time 

to a receiver which can be coupled to a microcomputer for data analysis, or to the machine. 

The Rotolog device and accessories are shown in Figure 1.3.
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The Rotolog system provides a thermal profile of internal air temperature of the mould 

during the rotational moulding process. Figure 1.4 illustrates a typical Rotolog graph for 

polyethylene which can be described in six stages121.

Stage 1 Up to point ‘A’ the temperature of the internal air rises steadily as heat 

passes through the mould into the air and powder mass. This continues until the powder and 

mould surface are sufficiently hot for the plastic to stick.

Stage 2: At point ‘A’ the first layers of plastic adhere to the mould. The rate of 

temperature increase slows to form a plateau as successive layers of powder are laid up on the 

inner surface of the mould. The reduction of the temperature rise of the internal air is due to 

energy absorption during the melting processes.

Stage 3. At point ‘B’ all the powder has adhered to form a molten skin with a 

powdery inner surface; the internal air temperature rises sharply once more, as no further 

energy passing through the mould, into the part, is required for melting. After ‘B’ the melt 

temperature continues to rise, the inner surface becomes smooth and the melt density 

increases up to point ‘C\ The peak temperature at point ‘C’ depends on the oven temperature 

and time in the oven, but separate tests have shown that it is directly related to the impact 

strength of a product.

Stage 4 When the mould moves out of the oven and into the cooling bay (just before 

point ‘C’), the internal air temperature will rise slightly due to residual heat in the mould and 

molten polymer. The temperature then falls at a rate determined by the cooling medium 

employed. In this stage the plastic is in the form of a hot melted layer on the inner surface of 

the mould, that is it has not yet solidified.
1-5
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Stage 5: For some materials, such as polyethylene, there is a kink corresponding to the 

crystallization point of the material (point ‘D’). Latent heat absorbed during melting is 

released and this maintains the internal air temperature at a constant level, the length of the 

plateau being directly related to the volume of material in the part.

Stage 6 The end of solidification across the mould wall is shown by a small kink at 

Point “E”. As the material continues to cool further the plastic part begins to pull away from 

the mould wall, shown by a slight change in the slope of the temperature trace at point “F” 

The rate of cooling is reduced because the part moves away from the mould wall leaving an 

air/vacuum gap causing the part to insulate itself from the cooling effect of the mould wall.
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Time (min)

Figure 1.4 Typical rotolog profile for polyethylene.

1.2 Materials

The range of polymers now available to rotational moulders is extensive, and continues 

to grow. Table 1.1 lists some of the polymers that are now being rotationally moulded. There 

are a number of important criteria that a material must meet in order that it can be rotationally 

moulded. It must exhibit easy dry flow and good heat transfer and melting qualities. It must 

also have good, but not excessive, melt flow, so as to produce a smooth part of even wall 

thickness. The thermal stability of the polymer melt must be such that it can resist significant 

degradation due prolonged exposure to heat in an oxidative atmosphere.



Chapter 1 Introduction

1 Polyethylene Resins

- LDPE
- LLDPE
- MDPE
- HDPE
- Crosslinked
- EVA-EBA Copolymer

2. Polpropylene

3. Polyvinylchloride

4. Nylon 6, 11, 12

5. Polycarbonate

6. Polystyrene

7. Thermoplastic Polyester

8. Thermoplastic Polyurethanes

9. Plastisols

Table 1.1 Polymers suitable for rotational moulding

1.2.1 Polyethylene

Polyethylenes constitute the bulk of materials used in rotational moulding throughout 

the world. The ease with which polyethylene can be ground and consequently rotationally 

moulded is very much dependent on its properties.

The basic structure of polyethylene is the chain -(CH2CEI2)- n, as shown below. In 

commercial polyethylene, ‘n’ can range from between 400 and 50,000, and side branches or 

alkyl substituents are normally present on the chain backbones18'101. The extent of the chain 

branching depends on the polymerization process and has an important bearing on the 

properties of polyethylene, as shown in Table 1.2.

H H

H H
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Type of Polyethylene Polymerization
Technique

Density
(g/cm3)

%
Crystallinity

Low Density
LDPE

Long-chain branched, high 
pressure

0.91-0.925 45-53

Medium Density
MDPE

short-chain branched, high 
pressure

0.925-0.94 54-59

High Density
HOPE

linear, low pressure, 
catalyalzed

0.94-0.97 60-75

Table 1.2 Properties of polyethylene grades12'11’1

A new type of LLDPE produced by the single site catalyst technology including 

metallocene anther proprietary catalysts, has been introduced in recent years by Exxon and 

others. The single site catalyst technology produces linear molecules with the comonomers 

distributed quite randomly and uniformly at relatively uniform intervals along the molecule and 

homogeneously among the molecules. These polymer are distinct from normal LLDPE by 

their narrow molecular weight distribution11!i.

Polyethylene is a semi-crystalline polymer, whose properties are greatly influenced by 

the relative amounts of crystalline and amorphous phases. The crystalline phase consists of 

spherulites containing a number of the smallest crystalline units, called lamellae. The lamellae 

are planar in shape and consist of folded chains that run perpendicular to the plane, every 5- 

15nm. The lamellae are connected through the amorphous phases forming the spherulites. The 

amorphous phases consists of chains arranged in an unordered fashion. Due to the higher 

density of the crystalline phases, they are rigid and have a high softening temperature, whereas 

the amorphous phase gives flexibility and high impact strength. Semi-crystalline polymers 

undergo physical aging in the crystalline and amorphous phases, above and below the glass 

transition temperature112'121.

The size and number of spherulites is dependent on the grade of polyethylene, i.e. 

chain length and amount of chain branching. Extensive chain branching will limit the extent to

1-9
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which the molecules can arrange themselves into crystallites. The rate at which the material is 

cooled during processing also has an effect. Cooling the material slowly allows the spherulites 

to grow, whereas fast cooling yields material having smaller spherulites and therefore, higher 

impact strength12'.

There are hundreds of grades of polyethylene available, all of which differ in their 

properties in one way or another. Differences in physical properties, such as softening 

temperatures, stiffness, hardness, clarity, impact strength, etc. can lead to variations in the 

behaviour of the polymer during processing, and in this case grinding and rotational moulding. 

Differences between polyethylene grades can occur due to any of the following:

1. The degree of short chain or long chain branching.

2. Average molecular weight and molecular weight distribution.

3. Presence of impurities, comonomer or polymerisation residues

4. Presence of additives, fillers or reinforcements.

1.3 Size Reduction of Materials

Industries employing size reduction comminution techniques are diverse, with product 

size ranging from a few centimetres in crushing plants to a few microns in very fine grinding 

equipment''4|. High capacity industries include the preparation of road making materials, 

cement, minerals and fine pulverisation of coal for combustion in boilers. Smaller capacity 

plants deal with food, pigments, paints, pharmaceuticals, electronics, ceramics, and plastics.

1.3.1 Crushing and Grinding

The terms crushing and grinding are used to distinguish between different types of size 

reduction equipment on the basis of their product size. Table 1.3 gives typical examples of 

commonly used crushers and grinders. The grinders are divided into a number of categories 

and a limited number of examples are given for each.

1 - 10
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Traditionally crushing applies to products having a size distribution with a top particle 

size greater than 5mm and grinding to finer distributions, as shown in Table 1.4. This table 

classifies machinery according to product size and shows the increase in the energy 

consumption as the product size is decreased.

Size reduction equipment may also be classified according to the way in which the 

forces are applied1151.

1. Between two solid sufaces - attrition, crushing, shearing.

2. Against one solid surface - impact.

3. Action of surrounding medium - colloid mill.

4. Non-mechanical introduction of energy - thermal shock, explosive shattering, 

electrohydraulic.

There are four recognised methods of applying mechanical force to a particle, each of 

which affect the breakage pattern differently114’161.

1. Impact - particle impact by a single rigid force.

2. Compression - particle break-up between two rigid forces

3. Shear - the tearing apart of a particle by the action of a rigid force

4. Attrition (or abrasion) - the rubbing of one surface on another, e g. particle against 

a rigid force, or particle against particle.

Unfortunately, in most mills it is not always apparent which is the dominant force 

being applied. It is often the case that two forces are at play, for example impact machines 

may be divided into those that utilise a considerable proportion of attrition as well as impact, 

such as tumbling mills with charge lift and those in which impact predominates over attrition, 

such as vibration mills.

1 - 11
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Crushers Jaw Crushers, Gyratory Crushers, Crushing Rolls

Grinders
Tumbling Mills
Vertical Spindle Mills
Impact Mills
Vibration Mills
Attrition Mills
Fluid Energy/Jet Mills

Ball Mill, Rod Mill, Tube Mill
Edge Runner Mill, Vertical Ring Mill
Pin/Peg Mills, Swing Hammer Mill, Rotary Cutter 
Vibration Mill,
Buhrstone Mill, Sand/Perl Mills
Opposed Jet Mill, Centrifugal Mill

Table 1.3 Types of size reduction equipment114171

Stage of Reduction Typical Machine Product Size
passing 80% (pm)

Specific Energy 
(kWh/tonne)

Primary Crushing Compression or Impact 
Crusher

106- 105 0.1-2

Secondary Crushing Compression or Impact 
Crusher

o L/
i

1 o
Coarse Grinding Rod Mill

O
i

"■j-o

2-4
Fine Grinding Ball or

Vertical Spindle Mill
103- 102 5-20

Very Fine Grinding Tube Mill 102- 10 20-100
Super Fine Grinding Attrition or

Fluid Energy Mill
10- 1 100-1000

Table 1.4 Classification of comminuted products by size1141.

Improvements in all aspects of particle comminution is continually being sought, due 

to demands for new powdered products, stringent quality requirements and the high energy 

costs involved118' The choice of equipment is influenced to a certain extent by factors such as;

- The end use of the product.

- Particle size and distributions of feed and product.

- Method of grinding required - wet or dry.

- Purity requirements.

- Material properties, i.e. hardness, abrasiveness, sensitivity to heat, etc.

1 - 12
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1.3.2 Grinding of Plastics

When considering size reduction equipment for plastics, it is necessary to distinguish 

between a number of types of mills, depending on material properties and desired particle size. 

The main categories of mills are of the cutting, impact and attrition types1'91. Cutting mills or 

knife cutters find wide use in the plastic moulding industry for production of particles down to 

about 3mm in size. Impact mills are commonly used for the cryogenic grinding of plastics, 

causing the plastic to shatter upon impact.

Owing to its low melting point (90-140°C) and its resistance to impact and shear, the 

grinding of polyethylene can not be performed economically with conventional cutting mills. A 

disc attrition mill which evolved from the old buhrstone mills, is used for the production of 

polyethylene and other plastic powders in the range of 30 mesh (SOOpm) and finer [15’20‘21] 

Table 1.5 defines ‘mesh size’ and ‘particle size’.

The buhrstone mill is considered the oldest form of grinding mill and was the 

“millstone” formerly used for flour production, shown in Fig 1.5. Two flat horizontal circular 

stones made up of segments bound together with plaster of pads in an iron hoop, are arranged 

so that one rotates relative to the other. Grooves are cut into the stones, usually parallel to 

one radius of the segment. The effect of these grooves after the grain was fed into the centre 

of the upper stone was to cause the grain to gradually move out towards the circumference of 

the stone1'4'15’171. Mills with discs of different materials arranged both vertically and 

horizontally have replaced the buhrstones,

A normal milling or grinding process would simply result in shredding and tearing of 

the plastic particles in such a way that the resultant shape of each particle would be totally 

unsuited to subsequent processing requirements. In attrition mills, materials are ground 

between plates having certain tooth configurations on their surfaces, either rotating in 

opposite directions or with one plate stationary. The grinding action of attrition mills used on
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plastic materials is better described as a combination of impact, shearing and attrition. The 

grinding plates are not touching each other, but rotate at close proximity at high speeds. The 

typical clearance is 0.3mm and rotational speeds of 7000rpm are used. The grinding tooth 

configuration, the clearance between the plates and the speed of rotation are selected 

depending on the material to be ground and the required particle size1221.

Sieve opening 
pm Inch

Mesh per Inch
ASTM Ell-61 BSS410

180 0.0070 80 80
250 0.0098 60 60
355 0.0139 45 44
420 0.0165 40 36
500 0.0196 35 30
600 0.0234 30 25
710 0.0276 25 22
840 0.0331 20 18
1000 0.0393 18 16
1200 0.0466 16 14
1400 0.0553 14 12

Table 1.5 Mesh size and particle size conversion table

Method of 
Stone Dressing

Discharge

73-Lzn:nci:hrruzTZj/:tJ<

Fixed
Upper Stone

Rotating 
Lower Stone

Figure 1.5 Buhrstone mill
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1.3.3 Ambient Grinding

A Wedco SE-12 pilot grinding system was installed at The Queen’s University of 

Belfast, as shown in Figure 1.6. The system described here and used during this research is 

typical of an industrial system. A typical ambient grinding process consists of the following 

componentsl2,’241, as shown in Figure 1.7.

Pneumatic loading and conveying accessories.

- Feeder.

- Mill, with rotating and stationary grinding plates, either one of two grinding 

heads, with electric drive motors.

- Fan, cyclone and dust collector.

- Classifier with screens of a certain mesh size.

- Electric control system.

- Support structure to house the above components.

Pellets are fed into the intake throat of the mill from a feed hopper by means of a 

vibratory feeder (or auger) at a very uniform and controlled rate. As these pellets enter the 

mill, along with an immense flow of air, they pass between two cutting plates, each with a 

series of radially arranged cutting teeth as shown in Figure 1.8. The gap between the cutting 

edges of the two plates is narrower at their peripheries than at the centre because the teeth on 

the rotating plate are cut at an angle (typically 4°). The cutting faces of both the stationary and 

rotating grinding plates are shown in Figure 1.9. When the pellets enter the mill they are 

dragged between the cutting plates due to centrifugal forces and each pellet is slowly reduced 

in size as it is carried outwards into a narrowing gap between the two cutting faces. This 

sequence of high speed cutting and size reduction continues until all the particles are of a size 

that allows them to escape from the gap at the periphery of the cutting plates.
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In this process, frictional heat increases the temperature of the metal cutting faces, the 

individual polyethylene particles and the surrounding air As a consequence, the temperature 

must be controlled so that it does not rise beyond the melting point of the polyethylene or 

indeed to a critical softening temperature before melting when the particles begin to adhere to 

each other and block the passage of new material entering the mill.

Once the particles exit the mill they fall into an air stream which conducts them to a 

screening unit containing a number of sieves of a standard mesh size. Particles that pass 

through the screens are taken out of the system and collected as powder. Those particles that 

do not pass through are conveyed back to the mill and reground. Figure 1.10 illustrates the 

path taken by particles through the screens in the classifier.

Modem grinding systems are pic controlled. A drop in air pressure, an increase in the 

temperature, or an ampere overload of the drive motor will result in the rapid decline of 

material intake by the feeder. The feed is allowed to increase if all the above factors are within 

the set limits.

Industrial grinding machines may have two grinding mills in line. The gap size between 

the first two mill plates is relatively large compared to the second. The purpose of the first 

mill is to reduce the overall size of the particles going into the second mill. The gap size on the 

second mill is set so as to yield the desired particle size distribution. This improves efficiency, 

and allows for a higher production rate by decreasing the amount of regrind (oversize 

particles) that is returned to the mill.

Traditionally the grinding plates were installed vertically on the grinding machine, but 

horizontal mills are now available and are becoming more popular in commercial operations. 

During the course of this research the existing vertical grinding mill was replaced with a 

horizontal mill. It was felt that the results from a horizontal mill would be more valuable and 

this will be discussed in more detail later.
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Figure 1.6 Wedco SE-12 pilot grinding system
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CONVEYANCE AIR CONTROL
VALVE

CYCLONE

OVERSIZE
DUST

lOLLECTOR
ROTARY GATE

VIBRATING
SIEVES

GRANULES

POWDER

AIR CONTROL 
VALVE

ROTOMOULDER

Figure 1.7 The grinding process

Mill Teeth

Figure 1.8 Disc attrition grinding head
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Figure 1.9 Cutting teeth on the surface of the stationary and rotating grinding plates

Ground Material 
from Gate

Figure 1.10 Flow of powder particles through the sieves
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1.3.3.1 Grinding Process Control

The vertical and horizontal grinding mills were equipped with a feed monitor system to 

maintain a constant pre-set mill discharge temperature, within the limits of a pre-set power 

consumption. The major component of the vertical system was a Barber Colman temperature 

controller, one solid state current control and one solid state AC voltage control for the 

vibratory feeder. The advantages of the solid state feed control are the continuous voltage 

regulation without moving parts and the fact that feed can accurately be controlled on 

temperature, rather than only using temperature as a high limit control. The horizontal mill 

was controlled in a similar manner using a pic.

Controlling temperature within the system is crucial in order to produce high quality 

powders. Processing at an optimum temperature is dependent upon:

1. The energy generated in the grinding head. This is directly related to the amperage on 

the mill motor and can be attributed to the following.

- Feed rate of pellets, amount of regrind, and material properties.

- Process variables, such as gap size, number of mill teeth, etc. The energy generated 

is directly related to the amperage on the mill motor.

- Ambient air temperature, throughput is reduced at higher ambient temperatures 

because the cooling effect of the air entering the mill is less. Also, at lower ambient 

temperatures process efficiency may be reduced if the system is unable to reach the 

processing temperature at which good quality powder is produced.

2. The effectiveness of the cooling system to remove the energy at a rate which will 

prevent melting, whilst also maintaining a temperature at which good quality powder 

can be produced

When grinding polymers, the limitation of the throughput rate is generally presented by 

the material melting temperature. It is difficult to measure the temperature of the particles in
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the air leaving the grinding zone and in most cases the measured temperature is a combination 

of air and material temperature. Figure 111 shows the typical position of a thermocouple in 

the grinding head, measuring the temperature of the air and particles as they flow past. The air 

flow transporting the particles is controlled by a fan, which ensures a short residence time for 

the powder in the mill and the increased air flow helps to control the temperature of the plates. 

Since the temperature rise in the mill can only be supplied from the mill drive-motor, the 

power consumption is a direct indication of the energy required to grind the material. The feed 

monitor helps control the temperature and load on the mill by;

1 Limiting the rate at which the feeder voltage increases, thereby, also limiting the rise in 

mill motor load.

2. Limiting the power consumption of the mill motor by reducing feed once a pre-set 

power consumption is reached, i.e. amperage. This maximum amperage value is 

determined by the motor capacity.

3. Reducing the feed rate as the processing temperature reaches a specified upper 

temperature limit. This maximum temperature is dependent on the melting temperature 

of the material.

If the actual temperature or amperage rises above its set value, the feed control section 

starts to lower the voltage of the vibrator feeder reducing the feed of raw material into the 

mill. This continues until the actual values drop below this pre-set maximum value and the 

control system tries to find its balance around this maximum. If the maximum value around 

which the control unit is running is changed, the unit again searches for the optimum operating 

condition where actual amperage and temperature are safe again for maximum output.

The processing temperature is further increased by the regrind stream since it enters 

the grinding head at a much higher temperature than the raw feed stream. As discussed earlier, 

the throughput rate is dependent on processing temperature and the regrind stream serves to 

further decrease the overall throughput.
 1-21



Chapter 1 Introduction

When a material with a low melting temperature is processed, e g. LDPE or EVA co

polymers, the grinding head must be kept cool. The air flow through the system can be varied 

to aid cooling. A valve on the air recycle pipe going back to the grinding head makes it 

possible to recycle the air in the system or draw in cooler ambient air in order to control the 

temperature. Extra cooling may also be obtained by circulating cooling water through the 

stationary plate, as shown previously in Figure 1.6.

The commercial importance of introducing ways to further cool the grinding process 

was realised in the 18 hundreds. In 1870 and 1872 the first patent was obtained on the first 

water cooled stone mill ever made increasing by 15 times the production of coach black in 

japan enamel1251. In 1885 or 1886 Robert Kent started to build water-cooled mills of a conical 

type as large as 36 inches for fine colour grinding. These are reported to have run at higher 

speeds than the un-cooled mill thereby increasing the throughput significantly.

A number of other methods of cooling were in use then and continue to be employed 

in the various grinding applications. These include, cooling the material prior to grinding, 

circulating a refrigerant around the mill, using a current of cooled air to grind and convey the 

material, mixing the material with dry ice, liquid air or a cold liquid before grinding or 

combination of the above. Cooling continues to be an economic factor in the grinding of many 

materials and broadens the range of materials which can be ground.

For materials with very low melting points, the grinding mill and/or the feed may also 

be cooled with liquid nitrogen. This is known as cryogenic grinding, whereby the grinding 

machine is specially designed to operate under such extreme temperature conditions.
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Figure 1.11 Inside of the grinding head showing controlling thermocouple

1.3.4 Cryogenic Grinding

Cryogenic grinding, also known as cryopulverizing, cryocomminution or cryogenic 

size reduction involves the use of cryogenic refrigerants to facilitate the grinding of many 

materials that cannot be processed by conventional milling methods1261. Materials that have 

been successfully cryogenically ground include, thermoplastic and thermoset resins, scrap 

plastics and rubber, gums, waxes, colour concentrates, peroxides, spices, and other foodstuffs 

such as coffee, coconut, chocolate crumb, pepper, etc.

Materials that are inherently brittle and not affected by moderate heat rise, are typically 

easy to grind with standard impact or shear equipment under ambient conditions. However, 

when a material, such as an adhesive or wax, is sensitive to heat rise or exists in an elastic 

state, it becomes necessary to use temperature-controlled grinding. The specific method is 

determined by evaluating the ultimate temperature increase experienced during grinding and 

the specific glass-transition point of the material.

In some cases, using cryogens to lower the temperature of the material below its glass- 

transition point in preparation for grinding, can be the only effective method for size
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reduction. For example, although thermoplastics, such as polyethylenes and polypropylene are 

resilient at ambient temperatures, they can be ground more rapidly as they become brittle and 

glass-like at reduced temperatures1271. Also, at lower temperatures, spices can be ground 

without loss of volatile oils or flavors, and multi-component materials, such as chrome plated 

ABS plastic can be debonded by cryogenic impact. The use of cryogenic grinding has greatly 

expanded the range of materials that can be reduced in size1281.

Typically, air and gas are the cooling agents used in temperature-controlled grinding. 

The quantity of air depends on the size of the mill, the amount of heat generated and the 

capacity of the system to pump the air. However, when the heat generated in the grinding 

process exceeds the practical cooling capacity of ambient air or gas, it becomes necessary to 

look at the practicality of using mechanical refrigeration systems. There are a number of ways 

to cool materials during the size reduction process. These include using, liquid nitrogen, liquid 

carbon dioxide, or carbon dioxide in the form of dry ice, refrigerated air, and controlling the 

air to product ratio122 26 291. Cooling can be carried out by one of two methods. The first 

involves controlling the temperature of the grinding head by feeding the cooling medium and 

the material simultaneously, whereas the second method uses the cooling medium to cool the 

material before grinding. The first method helps to reduce and control the temperature of 

grinding and improve throughput. The second method is most suitable to materials whose 

glass transition point is below room temperature, e g. polypropylene and polyethylene.

Liquid nitrogen, at -120°C, is the most widely accepted cryogen used for temperature 

control of size reduction systems. Its popularity is due to its large cooling capacity (433 kJ/kg) 

which is the result of a direct phase change from liquid to vapor. Additionally, because of this 

direct phase change, liquid nitrogen is suitable for direct injection into the grinding mill.
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A typical cryogenic grinding system is shown in Figure 1.12. A cryogenic grinding 

system usually consists of four main units[29'311.

1. Storage tank and piping system.

2. Cooling Conveyor.

3. Grinding Mill.

4. System Controls.

The liquid nitrogen is typically stored in a double-walled vacuum container outside the 

grinding facility and is transported to the grinding system through piping which can be copper, 

stainless steel with urethane insulation or a vacuum jacket. Liquid nitrogen is fed into the 

cryogenic pre-cooler which is most commonly in the form of a variable-speed screw feeder. 

The material in the pre-cooler is fed into the grinding mill which can be any number of high

speed impact or attrition mills. Figure 1.13 shows a Pin Mill which is a typical mill used in the 

cryogenic grinding of plastics1'4,161. Each of the two discs which can rotate at high speed 

relative to each other has a series of pins/pegs arranged at radii which allows them to pass 

close to each other. Feed enters from either the centre or at the side with a current of air. The 

particles are not only shattered by impact but also by attrition in passing between adjacent pins 

and are thrown outwards by centrifugal forces.

In a cryogenic system all the contact surfaces must be stainless steel. The system 

usually facilitates manual or automatic control based on temperature, nitrogen-flow and screw 

speed in the pre-cooler. The techniques and pre-cooling equipment are amenable to virtually 

all types of grinding equipment. The hammermill, airswept hammer, impact mill or jet mills can 

accommodate a cryogenic cooling system1’21.
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1.3.4.1 Advantages of Cryogenic Grinding

1. Increase in throughput

Using liquid nitrogen eliminates the need for a high air to solids ratio to aid cooling 

and therefore, more product can be ground. Also, throughput is increased because the 

material embrittles due to impact and thus requires less energy to grind.

2. Product characteristics.

The material becomes brittle at the low temperature and the average size, size 

distribution and shape characteristics of the material are different from those obtained 

from ambient grinding. Finer powders having a narrow size distribution with a more 

uniform shape can be produced.

3. Grinding carried out in inert conditions.

Since nitrogen is an inert material it considerably reduces the risk of explosion.

4. Protects product quality.

Cryogenic grinding protects food from heat that would degrade flavour and prevents 

the evaporation of volatile oils and flavours from products like spices and other 

foodstuffs. Heat sensitive fine chemicals are also excellent candidates for cryogenic 

grinding.

5. Lower power consumption.

The power consumption is lower because, firstly, the material being ground is brittle 

and less energy is required to grind it, and secondly, energy is not required to move 

large quantities of air for cooling purposes.

6. Consistent, controlled grinding temperatures irrespective of ambient temperatures.

The main disadvantage of cryogenic grinding is the cost of liquid nitrogen and the

process is therefore, associated mainly with high value materials. At ambient temperatures, the 

specific energy consumed for the grinding of polymers ranges from 500 to 5000 kWh per ton

of powder1"1 Although the fracture resistance of polymer decreases several times at lower
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temperatures, the total energy consumed during grinding increases due to the cost of the 

cooling system and the liquid nitrogen. Also, cryogenic systems are constructed out of 

stainless steel and therefore, it is not possible to grind cryogenically on an ambient grinding 

system.

Recently interest in cryogenic grinding has increased especially in the areas of 

recycling, particularly cryogenic rubber powder due to the critical accumulation of rubber 

wastes from used tyres. Cryogenic recycling is a technique used to separate plastics into 

relatively pure fractions, due to the different embrittlement temperatures of polymers. Typical 

applications include tyre recyling, wire and cable materials, electrical component materials, 

destruction of laminates, removal of coatings, etc [28’32,34‘39!.

Material Feed

Thermocouple

Figure 1.12 Typical cryogenic grinding system
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Figure 1.13 Pin/Peg mill
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1.4 Objectives of this Research

Despite the mature nature of the rotational moulding process there are relatively few 

guidelines for determining if a powdered polymer resin is suitable for moulding. Over the 

years, windows of acceptability in terms of powder quality have been defined through 

experience by those in the rotational moulding and polymer grinding industries.

Increasing technical demands on rotationally moulded products, as well as mould 

complexity have lead to moulders seeking further improvements in powder quality. An in- 

depth understanding of the grinding process and its variables are required in order to achieve 

and control the production of high quality powders. Also, professional grinders are anxious to 

secure their command of the market place, especially in light of threatening competition from 

micropellets.

The objectives of this research were to identify the effects of the different grinding 

process variables on powder quality and to determine if differences in powder characteristics 

are reflected during the moulding cycle and/or in the quality of the final moulded product. The 

research also focused on defining and improving the grinding process efficiency.
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2.0 Literature Review

2.1 Grinding Process Variables

Within the grinding process there are a number of controllable parameters that are of 

varying importance in the production of high quality polyethylene powders. These include: 

Processing temperature.

- Design of cutting plate i .e. number and angle of teeth.

- Sharpness of cutting teeth.

Gap size between cutting plates.

- Speed of rotation.

- Sieve mesh size.

- Amount of recycled material.

- Screening efficiency.

- Feed rate.

Pellet size/shape.

- Capacity of mill motor.

Choice of feeder.

- Fan speed - air velocity.

Cooling water.

- Choice of auxiliary equipment.

Although the relative effects of some of these variables are known among professional 

grinders, very little research has been conducted to quantify the individual effects of each on 

powder quality, or to measure how interactive these variables are with each other.

Previous projects carried out at The Queen’s University of Belfast have indicated that 

a direct relationship exists between certain process parameters and the quality of the powder
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produced140"421. It has been shown that the general effect of increasing the gap size between the 

cutting plates was to increase the average particle size and produce more elongated particles. 

A wider gap allowed larger particles to pass between the grinding plates. Increasing the 

number of teeth on the cutting plates decreased the particle size because more teeth sheared 

the particles as they passed between the plates. Particles with tails were more pronounced 

when using low temperature grinds.

Stuff and Strebel1431 found that process efficiency was linked to the tautness of the 

screens in the classifier. Loose, screens were considered inefficient and increased the residence 

time of the powder in the grinder compared to tauter screens which allowed the machine to be 

run at higher temperatures without “plugging” the machine.

2.2 Powder Quality Characteristics

A number of papers have been presented which give guidelines to selecting powder 

quality standards for rotational moulding144'471, unfortunately most of the knowledge shared is 

based on experience and very little is based on fact.

The quality of a rotationally moulded polyethylene part depends not only on the 

physical and chemical properties of the resin used but also on the characteristics of the 

powder, i.e. the size, shape and uniformity of its particles148"491. The most desirable particle is 

one that will readily flow into sharp angles, undercuts, or ribbing within the mould and melt to 

a bubble-free state with the minimum of heat1491. Recently moulders are demanding improved 

powder quality to satisfy the need for more complicated mouldings, higher productivity, better 

surface quality and shorter moulding cycles.

The quality of a powder is determined by assessing powder properties such as Particle 

Shape, Particle Size, Particle Size Distribution, Bulk Density and Dry Flow, according to 

standard test procedures. These are properties that are used to characterise moulding resins, 

where only the physical properties of the powdered resin are affected during grinding and the
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chemical structure remains unaltered. There has been little research carried out to relate these

powder properties with the suitability of the powder for rotational moulding. Previous 

research and experience has identified windows which show the boundaries of acceptability in 

regard to these powder properties148 5I)1.

2.2.1 Particle Shape

Grinding tends to produce particles with tails or long hairs, the extent of which 

depends on the temperature of the particle and the sharpness and condition of the cutting 

edges of the plates1481. These tails are in the order of 10pm in diameter and 500-1000pm in 

length. These are attributed to partial melting of the material during grinding and are 

essentially cylinders with larger aspect ratios1501. At lower temperatures and when cutting 

edges have had some wear, a tearing action takes place, resulting in the particle developing 

these tails and hairs120,51"531. A ‘hairy’ powder or one with particles which have a high 

elongational ratio (i.e. length/breath), will affect a powder distribution during rotation of the 

mould and will affect the uniformity of wall thickness of moulded parts. Tails should be 

minimised so as to prevent detrimental part properties154’48"501, such as:

- Bridging, which inhibits powder flow as particles tend to fuse together across 

narrow ribs or rims in the mould, thereby preventing other particles from entering 

particular sections.

- Agglomeration of particles; which is the tendency to form balls leading to late 

melting and therefore, lumpiness on the inner surface of the mould.

- Low bulk density; the same volume but less powder.

- High void content between particles; because a higher level of air is trapped 

between irregular shaped particles which will reduce impact strength, tensile and 

elongation etc. Longer moulding cycles are required in order to eliminate these 

bubbles of air which in time dissolve into the melt.

2- 32



Chapter 2 Literature Review

- Poor flowability; the particles are intertwined preventing them from flowing freely.

The formation of tails can be minimised by grinding the powders close to their 

softening temperature. This will smooth the particle surfaces and cause the tails to shrink back 

into the particle. Due to the high temperature at which the particles are ground, they leave the 

mill with residual specific heat which allows a shape improvement of the rough hairy particle 

surface formed during grinding120’221.

A guide to this critical softening point is the Vicat softening point of the polymer ISO 

306, ASTM D1525-76. This is the temperature at which it softens, as distinct from when it 

melts. It therefore, occurs at a lower temperature than the crystalline melting point. It varies 

with both molecular weight and density. The Vicat softening point gives a practical guideline, 

especially to grinders, to the upper temperature limit at which a stressed sample of 

polyethylene may be used1521.

During moulding, heat is transfen ed to a particle through contact with other particles, 

the mould surface and the surrounding air. Convection heat transfer from air is notoriously 

poor as compared with contact conduction heat transfer. Heat transfer in rotational moulding 

is mostly by contact conduction and therefore, more efficient for finer powders because of 

their greater surface area to volume ratio. As the particle size increases, additional time is 

required to develop a completely smooth interior surface on the part. This loss of heating 

efficiency is attributed to the reduction in contact area between the heated surface and the 

unmelted particles. The difference in contact area is not a critical factor in mesh sizes finer 

than 20 mesh (840(j.m)1491.

The shape of the particles play an important role not only in heat transfer but in the 

flow of the powder during rotation. For a flat sheet of thickness L, the surface-to-volume ratio 

(a measure of the efficiency by which heat is transferred through the particle surface and into 

the particle) is 1/L. For a cube of side L, it is 6/L, and for a sphere of radius L, it is 3/L.

However, for contact conduction, if only one portion of the particle is in contact with a heated
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surface (such as the mould), the surface-to-volume ratio for a flat sheet becomes 1/2L, for a 

cube, 1/L, and for a sphere, zero. Thus, particles which are spherical in shape exhibit good 

flow properties, but have a small contact area for heat transfer. Conversely, cubic shaped 

particles have good heat transfer properties, but poor flow properties. As a result the most 

desirable particle is thought to be cubic shaped with generously rounded corners150,54'551. 

Therefore, the rate at which a powder melts is a function of the shape of the powder particles. 

The smaller the characteristic dimension, L, the larger the surface to volume ratios and the 

more efficient the contact heat transfer becomes. As a result, powder of 35 mesh (SOOpm) is 

generally used in rotational moulding rather than extruder grade pellets or granules.

Rao and Throne1501 made a cursory examination of powders that rotationally mould 

both well and poorly and concluded that powder shape was very important. Spherical and 

accircular or fiberlike particles did not densify as readily as powders having particles of near 

cubic or “squared-egg” shapes. Howard1481 found that it required significant increases in cycle 

time (up to 20%) to obtain a satisfactory degree of fusion with a poorly ground resin. 

Spence1401 observed that parts rotationally moulded using those particles produced at low 

temperatures having “tails” were prone to have more bubbles trapped in the melt.

2.2.2 Particle Size and Size Distribution

The particle size distribution of powder is responsible for uniform product quality. The 

optimum particle size distribution provides the best packing of the different particle sizes, thus 

reducing voids between particles and the tendency to trap air bubbles in the melt.

Particle size is normally expressed as a mesh number which is the number of screen 

openings per linear inch of the minimum size U.S. standard sieve through which more than 95 

percent of the powder will pass. The most commonly used in rotational moulding is the 35 

mesh powder or 500 micron, as defined in Europe.
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Particle-size distribution influences the flowing and fusion characteristics of the 

moulding powder. The tumbling of the powder inside the mould results in a natural sorting out 

of particle sizes. Fine particles will filter downwards through coarser particles, melt on 

meeting the hot mould surface, fuse rapidly and form a skin at the moulded surface* Fines 

should be included to aid both heat transfer and powder flow during rotational moulding. 

However, fine powders cost more because of the longer grinding times required.

Grinding is a random process and so it is difficult to produce powders with a specific 

particle-size distribution, but the coarse and fine fractions can be maintained within certain 

limits*48'521. Although there have been few studies on the ideal powder particle size distribution, 

it is generally accepted that powders having a narrow size distribution (under 500pm) offer 

the best compromise between grinding costs and the fusion characteristics of the plastic*

51,52]

Rao and Throne*501 concluded that a powder of any given particle or mesh size should 

have a narrow size distribution and must include some percentage of fines to smooth and 

lubricate the flow of the larger particles in the mould during mixing and tumbling and to 

decrease the occlusion density on the part surface. However, a fines content exceeding 15 to 

20 percent causes lumping of the resin during fusion and poor fillout in corners and undercuts. 

It is also known that powders with particles sizes less than 50pm tend to fluidize excessively 

and to bridge in acute-angled corners. The tumbling of very fine powders within a mould will 

build up high static charges which cause agglomeration of the particles. This leads to uneven 

melting and non-uniformity of part wall thickness.

Spence*40* found that increasing the percentage of fine particles in a powder produced 

parts having more bubbles and these were physically smaller than those produced from a 

‘normal’ powder.
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Too many coarse particles result in slower melting of the inner surface causing 

iumpiness. Powders with particle sizes greater than about 500pm require excessive oven 

residence times to melt the particles and this results in a deterioration of the physical 

properties due to oxidation or thermal degradation of the polymers. Also, the finished parts 

tend to have greater porosity than those produced from finer powders. Howard1481 compared 

mouldings with different percentages of fines and found that the powder with the higher fines 

content produced parts that were reject, while the ones with less fines produced good parts.

It is important to observe and control the more critical ends of the size distribution 

curve, i.e. the dust or ‘fines’, and the number and size of the coarsest particles. A balance of 

both fine and coarse particles is needed to avoid the worst characteristics of both occurring1

Liu el a/*561 used the Taguchi method to determine the effect of heating temperature, 

heating time, powder particle size, cooling method and mold material on tensile and impact 

strength. The study found that powder size had the largest and most significant effect on 

tensile strength compared to the other factors. Although the powder size had the second 

largest effect on impact strength there was little difference overall between the factors.

Although there are many types of sophisticated electronic apparatus for measuring 

particle size distribution, the simplest and most economical method is by mechanical sieving 

analysis. Both the particle size and particle size distribution for a powder sample can be 

determined by mechanical sieve analysis according to ASTM Test Method D 1921. Other 

methods available include light scattering and lazer light techniques.

2.2.3 Dry Flow

Powder dry flow properties are important during rotational moulding as they 

determine how the material distributes itself in the mould and how well the polymer melt flows 

into complex shapes.
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The dry flow of a powder depends mainly on the particle shape, the particle size and 

distribution and on the viscosity of the polymer122'571. It is generally observed that the low MFI 

grades of polyethylene tend to have more “tails” than higher MFI grades, and therefore, 

poorer dry flow properties.

When Smit and Bruijin15'1 graphed particle size against dry flow, an optimum for PE 

was seen around 500pm. A shift to either the finer or the coarser side reduced the dry flow. 

Bisaria et a/*581 observed that particles below 150pm exhibited poor dry flow. The powder 

displayed non-uniform flow patterns inside the mould and resulted in a poorly moulded part. 

Struff and Strebel1431 observed that dry flow was inversely proportional to bulk density, 

improvements in the dry flow properties were reflected in a higher bulk density.

The generation of static during the grinding and subsequent handling of the powder is 

recognised as being detrimental to the dry flow properties as it causes the particles to “cling” 

together restricting the flow properties1221.

Dry Flow is determined as the time required for lOOg of powder to flow steadily 

through a funnel of fixed dimensions at a fixed height. A value of 30sec is the typical number 

given in the literature, but recently moulders are demanding powders with dry flow times as 

low as 22 seconds. The most commonly used standard test procedure is defined in ASTM 

1895-69.

2.2.4 Bulk Density

Bulk density is a measure of the efficiency with which powder particles pack together. 

This property has some relevance to rotational moulding although it is not considered to be as 

important as dry flow properties.

Experience at Wedco152"531 has noted a direct correlation between dry flow and bulk 

density since each is dependent on the particle shape, particle size and size distribution of the 

powder produced during grinding. Poor grinding control results in irregularly shaped particles
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with lots of ‘tails’, which can become entangled preventing the particles from packing closely

together. Generally, if the bulk density is low there will be bridging and an increase in the void 

content.

The variation in bulk density even between batches is the reason why volumetric mold 

filling systems are not in use with rotomolding powders1591. Bulk density is also being 

increasingly used as a reliable measurement of the consistency of grinding within and between 

batches of polymer, especially since it cannot be influenced by flow additives15'1.

Stuff! and St rebel14'1 concluded that processing temperature and design of cutting 

tooth were the main factors affecting bulk density. A linear relationship was found between 

processing temperature and bulk density. Two sets of cutting teeth were analysed, one set had 

teeth which were deeper and at a sharper angle than the other. It was found that the set having 

deeper teeth had a higher percentage of large particles and a more narrow particle size 

distribution. The powder produced had a lower bulk density due to the presence of “tails” 

which they attributed to the deeper blades. They also concluded that it was particle size and 

not size distribution which determined the bulk density.

The standard test method for bulk density is defined in ASTM D 1895-69.

2.2.5 Other Characteristics

Throne and Sohn1551 looked at methods of characterising five commercial grades of 

polyethylene (35 mesh). They found that the powders had similar particle size distribution 

curves and dynamic angle of repose. All the powders had similar shape factors - elongational 

ratio, chunkiness, circularity and roundness, all of which were found to be independent of 

particle size.

A subsequent study compared the physical properties of these powders after rotational 

and injection moulding16”1. Course powder fractions (35-50 mesh) of two resins (Esso HOPE, 

Enron LLDPE) were compared with the “normal” 35 mesh powders. There appeared to be
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little effect of particle size distribution on any of the physical properties for the HDPE.

However, the LLDPE coarse fraction has a lower modulus and a lower elongation at break 

than for the 35 mesh powder. They made the observation that for the coarse powder fraction, 

having a very narrow distribution may have prevented the powder from achieving the same 

level of densification as the 35 mesh powder.

2.3 Post Grinding Operation

Polishing is a post grinding operation whereby powder is tumbled for some time at a 

temperature near its softening point. This is done to increase the dry flow and bulk density 

properties by improving particle shape and reducing surface hairs1221.

In 1972, Rao and Throne1501 reported moulding difficulties with unpolished powders. 

They attributed this to hairy particles causing particle entanglements, air entrapment and 

occlusion.

Wedco developed and patented a polishing system subsequent to the grinding plant1201. 

The mechanical energy supplied to tumble the powder heats it to a certain temperature. They 

reported an improvement in particle shape, up to 20% increase in bulk density and a reduction 

in the proportion of dust due to agglomeration of the finer particles.

2.4 Micropellets

In the last ten years Gala Industries have developed a new underwater pelletizing 

technology which produces small particles, called micropellets, for various applications1611. 

Initially, only injection moulders and compounders were interested in micropellets which can 

range in size from 0.3 to 1.5mm in diameter. The small pellet size with a larger surface to 

volume ratio than regular sized pellets, results in better processability, such as faster melting, 

uniform mixing and better flow1621.

Recently, the use of micropellets in rotational moulding is being presented as a viable

alternative to the 35 mesh powder. The use of micropellets would eliminate the entire grinding
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step in the process, thus lowering cost. However, there have only been a few publications 

about the rotational moulding of micropellets161"651. Micropellets have superior dry flow 

characteristics to ground powder, shorter dry flow time and higher bulk density. Gala1611 

observed that micropellets appeared to have similar processing characteristics in terms of 

rotational moulding cycle time, and produced moulded parts with similar properties to those 

made from powder. The operating window for micropellets in terms of colour and impact 

strength was higher and broader than for powder.

Takacs et a/1631, noted differences in the rheological properties between powder and 

micropellets, which they attributed to the severe thermal and shear conditions which the 

micropellets are subjected to during processing The zero shear melt viscosity, the viscoelastic 

properties and relaxation time showed higher values for the micropellets than powders. The 

higher viscosity and uniform particle size of the micropellets resulted in slowing down particle 

coalescence and bubble removal. The good flow properties, higher bulk density and narrow 

particle size distribution of the micropellets is reported to yield moulded parts with a more 

uniform thickness. The removal of the bubbles resulted in an increase in the impact strength. 

Surface porosity and internal void content was found to be much higher in the parts moulded 

with micropellets. They is attributed this to the larger particle size of the micropellet and the 

narrow particle size distribution trapping more and larger air bubbles during melting.

In a following study, Takacs et a/641, found differing operating windows for 

micropellets and powders. The powder sintered at a faster rate than the micropellets therefore, 

parts moulding from micropellets required a longer moulding cycle to attain comparable 

impact properties with parts moulded from powder. However, micropellets had higher impact 

strength than powder which they suggest is due to the micropellets having a higher thermal 

stability than the powder.

A study1661 carried out at The Queen’s University of Belfast found that parts produced

using polyethylene micropellets had larger bubbles than those produced from powder of the
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same resin (MFI -2 & 3.3g/10mins). However, no bubbles were observed in parts produced 

from a high MFI material i.e. 6.5g/10mins. Adding internal pressure to the mould removed 

almost all the bubbles from the moulded micropellets with an MFI of 2g/10mins, whereas the 

bubbles were completely removed form the mouldings with a higher MFI of 3.3g/10mins.

2.5 Other Processes

The shape and size of plastic granules are also important physical attributes and have a 

considerable influence on the performance of the materials when they are being moulded or 

extruded. This was a problem encountered in the earlier days with the granulation of 

polyethylene1671. An early method consisted of chipping strips or pieces of plastic material 

between a set of rotating knives and a fixed anvil. However the material produced was of a 

random shape and the size. The granules were also ‘fluffy and dusty’ and in addition had a low 

bulk density. Improvements in the granule shape and size consistency was seen by cutting the 

material into cubes and later extruding and cutting strands after cooling them. However, 

although both methods improved the bulk density of the material there was still a lot of dust 

being produced from comers which had been broken off. The most common method 

nowadays is to cut the extruded strands while still molten. Some materials, especially 

polyethylene forms uniform spheroids when cut increasing the flow rate and bulk density 

compared to previous granules.

Powder coating techniques also use thermoplastic resins such as nylon, polyproplene 

and polyethylene. Problems are also encountered with the process and the need for good 

particle shape1'1. The grades used are characteristically high in molecular weight giving them 

good physical properties. They tend to be difficult to grind and are often done under cryogenic 

conditions. The grinding temperature is crucial in minimising the ‘tails’ especially for particles 

used in the fluidized bed coatings. If the temperature is not kept low enough the ‘hairs’ 

formed on the particles will have a detrimental effect on the fluidisation process.
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3.0 Equipment and Test Methods

3.1 Materials

During the course of this research four grades of polyethylene were used in the 

grinding tests, as shown in Table 3.1. After initial trials it was decided that only one 

polyethylene grade produced from one batch would be used for future trials in order to 

eliminate any effects due to differences between grades or batches. The polyethylene chosen 

was ME 8151, a grade commonly used for rotational moulding.

Supplier Product
Code

Grade MFI
(g/lOmins)

Density
(kg/m3)

Heat
Deflection
Temp. °C

Colour

Dow NG 243IE LDPE 7 935 75 Natural

Borealis NC 8092 HDPE 3.6 945 50 Natural

Borealis ME 8168 (9) Metallocene 6.0 934 65 Natural

Borealis ME 8151 (2) LDPE 3.6 934 58 Natural

Table 3.1 Materials used in grinding tests.

3.2 Powder Tests

The following standard test methods were used to determine powder quality 

characteristics.

3.2.1 Particle Size Distribution

A set of sieves was used to determine the size distribution and mean particle size of 

powder samples. The set consisted of seven 200mm diameter sieve pans stacked vertically in 

descending order of mesh size; 600pm, 500pm, 425pm, 300pm, 212pm, 150pm, 106pm and 

base, as shown in Fig. 3.1(a). The sieves were mounted on a mechanical vibrating unit as 

shown in Fig. 3.1(b). The weight of powder in each pan after sieving was used to calculate the
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percentage mass of each range of particle size. The 106pm sieve was replaced with a 90pm 

sieve later in the work. Also, two extra sieves, 710pm and 800pm were used to determine the 

size distribution of powders which had been classified using larger screens, and the size 

distribution of particles in the regrind stream. A sample of lOOg was used to measure the 

particle size distribution after being vibrated at a set frequency for a period of 40 minutes. 

Two samples were analysed for each test condition. An anti-static agent, (additive EN), 

consisting of armistat 300 and silica was used during testing when assessing the effects of 

static on powder characteristics.

The average particle size was calculated as follows:

Dn,
£(M>-)

100
(3-1)

where:

D.,, = mean particle diameter, in microns.

Pi = percent of material retained on sieve, and

Dj = average particle size in microns of material on sieve

6004m

5004m

4254m

3004m

2124m

1504m

904m

Pan

(a) (b)

Figure 3.1 (a) Stack of sieves, (b) Mechanical vibrating unit.
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3.2.2 Particle Shape

Particle shape was examined using a Scanning Electron Microscope. Small samples of 

powder were attached to aluminium holders using adhesive and then coated with 1 -2 microns 

of gold. This was necessary for the electron beam to pick up the surface of the particles as 

polymers are non-conductive.

The micro-graphs provided details of the shape of individual particles. However, only 

general observations could be made due to the small sample size.

3.2.3 Bulk Density

Bulk density was measured according to ASTM D 1895-69 using a standard funnel 

and measuring cup. An aluminium funnel (diameter 93mm, tapered down to 9.5mm over 

114mm) with a smooth polished inner surface was used for all the tests. The funnel and 

measuring cup are shown in Fig. 3.2. In order to reduce the effects of compaction due to 

variations in flow and vibrations which would cause settling, powder was poured into the 

cylinder from a fixed height of 38mm through the funnel until over-flowing. The cylinder was 

filled with powder and the excess removed before weighing. The bulk density was calculated 

from the known volume in grams per litre.

3.2.4 Dry Flow

Dry flow tests were also carried out according to ASTM D 1895-69, using the same 

funnel as described in section 3.2.3 and illustrated in Fig. 3.2 . Dry flow rates are given as the 

time in seconds required for a lOOg sample of powder to flow through the funnel.
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105mm

Dry flow 
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Figure 3.2 Dry flow and bulk density apparatus.

3.2.5 Particle Size Analyser

A second method of determining particle size distribution was also used. Powder 

samples were analysed by a Malvern Mastersizer IP instrument, using the light scattering 

technique1681.

However, the results did not give a true representation of particle size because of the 

irregularity of the particle shapes. The instrument measured particle volume and all other 

calculations, (i.e. diameter) from the volume output were made assuming that the particles 

were spherical. This had the effect of shifting the distribution to the right giving a higher 

average particle size compared with results from mechanical sieving. Figure 3.3 illustrates the 

difference in the particle size distribution and the average particle size obtained from both 

methods.
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Figure 3.3 Differences between the particle size distributions obtained from mechanical 

sieving and a light scattering technique (Malvern Laser).

3.3 Material Tests

A number of tests were carried out on the polyethylene grades used in the grinding 

tests. These provided information on the behaviour of the material during processing and 

assist in the understanding of why one material grade grinds more easily than another.

3.3.1 Molecular Weight Analyses

Gel Permeation Chromatography (GPC) carried out at RAPRA, was used to determine 

the molecular weight of polyethylene samples. This was done to determine whether or not the 

grinding process has any effect on the molecular structure of the material. GPC separates 

polymer samples into molecular weight fractions, using highly cross-linked gels which have a 

distribution of different pore sizes.

The samples were analysed using a system based on the Waters 150CV instrument and 

followed a written in-house procedure for the analysis of polyolefins in 1,2-dichlorobenzene at 

140°C. A single solution of each sample was prepared by adding 15 ml of solvent to 30 mg of 

sample and boiled gently for twenty minutes to dissolve. Each solution was then filtered 

through a fibre pad at 140°C and part of each filtered solution transferred to glass sample
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vials. The vials were then placed in a heated sample compartment and after an initial delay of 

thirty minutes to allow the samples to reach thermal equilibrium, injection of part of the 

contents of each vial was carried out automatically.

The results obtained for each sample included a molecular mass distribution curve, 

molecular weight (Mw), number-average molecular weight (Mn), and the polydispersity index 

(Mw/Mn)'8’691.

3.3.2 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was used to analyse material samples and 

gave a measure of the percentage of crystallinity, as well as the onset of melting and the peak 

melting temperature of the material. The machine used was a PC Series Perkin-Elmer DSC7. 

Sample sizes were in the range of 5 - lOmg and a standard heating rate of 10°C/min was used.

A typical DSC trace for a polyethylene sample is shown in Fig. 3.4. The trace exhibits 

a melting endotherm the width of which indicates the melting range and is a function of the 

size and size distribution of spherulites. Small sherulites having a narrow size distribution are 

indicated by a narrow endotherm.

The area between the curve and the baseline relates to the heat of fusion and this was 

taken as being proportional to the crystallinity of the sample. A value given for 100 percent 

crystalline polyethylene sample is 294J/g|7l)|. Therefore, if a sample has a value of 149J/g, it is 

assumed to be 50.7 percent crystalline. The percentage crystallinity reflects the thermal history 

of the polymer, i.e. previous processing conditions such as the cooling rate. A slow cooling 

rate will result in material having a higher crystallinity content than for a fast cooling rate, 

because cooling the material slowly from the melt allows more time for the crystallites to 

form. The degree of crystallinity was related to the effects of different grinding and cooling 

temperatures on the crystallinity content of the powders.
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A series of DSC tests was also carried out to simulate typical processing and cooling

temperatures found in grinding, as shown in Table 3.2. This was used to understand the 

mechanism by which processing temperature determines powder quality and whether or not 

this leads to changes in powder quality over time. Samples were all initially subjected to the 

same thermal conditions to eliminate the effect of thermal history (heated to 150°C and cooled 

at 40°C/min). Samples were then heated to 75, 95 and 115°C, held for 5 minutes before being 

cooled at rates of 0.5, 15 and 30°C/min. The specified heating and cooling rates were chosen 

to represent typical processing conditions within the operating limits of the DSC equipment. 

At intervals of Iday, 1 week, 8 weeks and 16 weeks, 9 samples (from each of the 9 testing 

conditions) were heated at 10°C/min to measure the percentage crystallinity.

Y1 = 22 6234 rriW 
X1 = 25.591 *C 
Y2 * 22.5168 mW 
X2 = 120.054 “C

Peak = 110.927 *C
Height = 8 3650 mW

Area = 715.893 mJ
De#a H = 125 595 J*g

Onset = 103 860 *0

80 90
Temperature (*C)

Figure 3.4 Typical differential scanning calorimetry trace for polyethylene.

No. of 
Samples

Heating Cycle 
Scanning Rate 

°C/min

Cooling Cycle 
Scanning Rate 

°C/min
4 75 0.1
4 75 5
4 75 10
4 95 0.1
4 95 5
4 95 10
4 115 0.1
4 115 5
4 115 10

Table 3.2 Simulation of heating and cooling rates during grinding.
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3.3.3 Vicat Softening Temperature

The Vicat softening temperature of a number of polyethylene samples was determined 

using a Thermomechanical Analyser 7 (TMA). Softening temperatures provide a qualitative 

measure of the temperature resistance of a polymer. It is therefore, an important indication of 

the maximum temperature at which a polymer may be ground before melting occurs.

The test was carried out according to ASTM D 1525-76, a standard test method for 

measuring the Vicat softening temperature of plastics. The softening temperature is the 

temperature at which a 1mm probe penetrates 1mm into the sample. This measurement was 

made while the sample was heated from 30 to 150°C and a force of 5N was applied.

3.3.4 Dynamic Mechanical Thermal Analysis

Dynamic mechanical thermal analysis is used to assess the structure and properties of 

solid polymers and viscoelastic liquids via their dynamic moduli and damping characteristics. 

The technique relies on impressing a small sinusoidally varying stress on the material and 

transducing the strain. The viscoelastic behaviour of polymers can be resolved into an in-phase 

elastic component (represented by the storage modulus, E') and an out-of phase viscous 

component (represented by the loss modulus E"). The phase angle (lag of strain behind stress) 

is defined by the loss tangent, tan 8 |69’711. Test were preformed on two polymer grades using 

a POLYMER LABORATORIES MARK II dynamic mechanical thermal analyser.

3.4 Vertical Mill

A Wedco SE-12 Pilot grinding system installed at The Queen’s University of Belfast 

was used during the initial stages of this research. The system is described in section 1.3.3 and 

comprised of a vertically arranged grinding head operated by a 24.2kW motor.
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3.4.1 Instrumentation

For research purposes some design changes were made to the machine, prior to and 

during this work to vary the processing conditions. These changes were as follows:

3.4.1.1 Mill Speed

In an industrial environment, grinding mills are normally run at their maximum 

allowable speed to maintain a high throughput. In order to vary the speed of the grinding 

plates, a Siemens speed invertor was installed on the Wedco machine. This also allowed the 

maximum speed to be increased by 20% and the minimum speed to be decreased by 50%. The 

mill speed was measured by mounting an optical switch in front of the fan belt which has a 

small section of reflective tape attached to it The recorded speed (rpm) was fed back to a 

digital rev counter located on the control panel of the machine.

3.4.1.2 Fan Speed

A speed invertor was also installed on the fan so as to allow the speed of the air to be 

varied. A change in the speed of the air results in a change in the time taken by the particles to 

travel through the system. The fan speed was measured as explained above for the mill speed.

3.4.1.3 Fan and Air Heater

Temperature is known to have a significant effect on powder quality. For many test 

conditions, the time required by the grinding machine to reach a satisfactory operating 

temperature proved to be rather long. In light of this, as well as material and material handling 

constraints, a fan and heater were installed on the air recycle pipe, as shown in Fig. 3.5. This 

was used to raise the internal air temperature of the system, thereby simulating the typically 

high processing temperatures that are achieved in industry.
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Figure 3.5 Heater and fan connected to the air recycle pipe.

3.4.1.4 Thermocouples

A total of seven type K mineral insulated metal sheathed thermocouples were placed at 

various points throughout the system, as illustrated in Fig. 3.6. These temperature readings 

around the system provided information on the time required by the system to heat up, the 

effect of processing variables on temperature and the effects of ambient conditions.

A set of three M6 screw type K, brass insulated thermocouples (A,B,C) were also 

used to measure the temperature of the stationary plate on the toothed section where grinding 

occurred, as shown in Fig. 3.7. The holes were drilled through the stationary plate to within 

1mm of the bottom of the grinding tooth. Temperature readings were taken at three equally 

spaced points on the toothed section and also along the tooth from the inside to the periphery 

of the plate. The thermocouples measuring the temperature along the tooth length were
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equally placed across the overlap between the grinding teeth on the stationary and rotating

plates.

Fan
No. 1 Manual Air 

Diverter Valve 
w ^ Dust
^--------- Filter

Cyclone

Direction of warm air generated 
in the grinding head.Gate

Note: Cold air is draw n in from behind 
the grinding head, aided by a fan.

Sieves

Powder

Regrind
f Feed 
Hopper

Grinding
Head Fan and 

Heater
A, B, C

No. 2 Manual Air 
Diverter Valve

Figure 3.6 Sketch of the vertical grinding system showing the location of thermocouples.

Toothed section 
on Stationary Plate

Inlet

Holes for locating / 
thermocouples A, B, & C

Output Re-circulated Air

Figure 3. 7 Sketch of the grinding head showing the location of thermocouples on the 

stationary plate.
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3.4.1.5 Data Acquisition

Temperature, mill and fan speed readings were fed into a computer via a 32-channel 

board connected to a PC-71 IB Lab interface card. A data acquisition package, Genie 

Software, recorded and displayed the readings allowing these variables to be monitored during 

processing, as shown in Fig. 3.8.

Fig. 3.8 Data acquisition.

3.4.2 Process Variables

A series of tests were designed to measure the effects of the following process 

parameters, using NG 243 IE and NC 8092.

- Mill Speed (rpm)

- Gap Size (mm)

- Number of Mill Teeth (240,360,480)

- Feed Rate (kg/hr)1

- Regrind2

- Processing Temperature (°C)

1 The feed rate test was only carried out in the first test series using NG 243 IE.
2 The regrind test was only carried out in the second test series using NC 8092
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To eliminate any effects on powder quality which may have arisen due to differences 

between grades and batches, each test series was confined to using one polyethylene grade 

from one batch.

The NG 243 IE was used for the first test series. After assessing the initial results, the 

series was expanded so as to provide a clearer overview of the effects of all of the above 

parameters on powder quality. A second test series concentrated on the main process variables 

which were highlighted after the first tests. The polyethylene grade - NC 8092 was used in the 

second series, to verify the previous effects and to detect any differences in the behaviour of 

the two material grades during grinding. The test conditions for both series are laid out in 

Appendix A.

The processing temperature referred to throughout the section on the vertical mill is 

the temperature measured at the grinding head. This is also the temperature recorded by the 

grinder to control the processing temperature and therefore, the throughput rate, as explained 

in section 2.1.

Powder samples for each condition were taken from the exit of the powder hopper and 

held in one litre sample bags. Samples were also collected from the material stream entering 

the sieves containing the oversize particles. This was to gain an understanding of the effects of 

process variables on the percentage of oversize particles returned to the grinding head.

3.4.2.1 Mill Speed

The speed invertors on the mill motor allowed the speed to be varied from 

approximately 2500 - 6500 rpm. The three mill speeds tested were approximately 2500, 4500 

and 6250 rpm.
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3A.2.2 Gap Size

The gap size referred to is that gap between the stationary and rotating mill plates at 

their periphery. This gap may be adjusted by inserting or removing shims behind the rotating 

plate on the hub and the gap itself was measured by means of a feeler gauge. The gap sizes 

used were in the range of 0.35 to 1.5mm. In order to maintain a constant gap size between the 

faces of the plates, the hub onto which the rotating plate was located was aligned and re

checked during testing. The repeatability of gap size proved to be a problem in the past 

because the gap size tended to be set by a method of trial and error, using shims. However, 

during the course of these tests the shims used to set each gap size on each plate was marked 

to eliminate this problem when repeating tests. Wear rate was not measured which may have 

altered the gap size somewhat during testing, although the extent of wear was thought to have 

been negligible during testing.

3.4.2.3 Number of Mill Teeth

Three sets of mill plates were available for use, where each set had a matching 

stationary and rotating plate. The numbers of teeth used were 240, 360 & 480.

3.4.2.4 Feed Rate

The feed rate was difficult to measure because, as explained in section 2.1, it was 

susceptible to the maximum limits set on both mill temperature and amperage. As the 

temperature of the grinding head approached the set temperature the voltage to the vibratory 

feeder was reduced. Also, as the load on the mill increased (throughput), the voltage to the 

feeder was again reduced. In some situations when the machine was running very 

‘inefficiently’, (e.g. a large gap size) a high level of regrind was being returned to the grinding 

head. This additional throughput effectively reduced the amount of raw material entering the 

grinding head.
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The position of the feeder tray with respect to the hopper and the grinding head is 

shown in Fig. 3.9. In an effort to control the feed rate as close as possible. Low, Medium and 

High feed rates corresponding to approximately 40, 60, 80 kg/hr, respectively, were set and 

adhered to for all tests. Firstly, three positions were set on the intake gate from the hopper and 

three corresponding settings were set on the feed rate dial (voltage to the vibratory feeder) on 

the control panel.

Fig. 3.9 Vibratory feeder tray leading to the grinding head from the hopper.

3.4.2.S Regrind

The amount by which the regrind or oversize material was reduced after being 

reground was assessed by returning the material through the system in a series of cycles. The 

material initially in pellet form was fed through the process and the oversize particles were 

collected. The oversize was reground again and the cycle was repeated three times (NG 

243 IE).
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3.4.1.6 Processing Temperature

The air temperature was measured in the grinding head by a controlling thermocouple 

located, as shown previously in Fig. 1.11, almost in contact with the rotating plate. The heater 

was installed before the second test series, therefore all the tests using NC 8092 were sampled 

at both cold and hot conditions.

On the vertical mill, cold air was drawn in from behind the grinding head by a small 

fan, as a means of helping to reduce the temperature within the grinding zone, as illustrated in 

Fig. 3.10. The hot air stream containing the particles is transported around the system by the 

larger fan. A manual valve at the exit of the fan could be opened to allow the hot air to escape 

through the dust filter or closed in order to recycle the hot air back through the system. A 

second valve on the air recycle pipe near to the grinding head could also be opened or closed 

depending on the required operating temperature. When the system approached its target 

operating temperature valve no. 1 and no.2 would be partially opened and closed, respectively, 

to restrict the amount of hot air being recycled.

Figure 3.10 Air recycle on the vertical grinding system.
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3.4.3 Throughput Analysis

Work was carried out to investigate the throughput from the mill, i.e. the feed rate of 

pellets, the rate of regrind and the rate of powder output. This involved operating the grinder 

under normal “closed circuit conditions” and also, “open circuit conditions”, as illustrated in 

Fig. 3.11 (a) and (b), respectively, where ‘G’ is the grinder and ‘C’ is the classifier. Tests were 

carried out under both conditions in order to understand what was happening during the 

grinding process. The closed circuit tests only measured the powder output, whereas during 

the closed circuit tests it was possible to measure both the powder output and regrind rates.

It was not possible to measure either the feed rate of pellets via the vibratory feeder or 

the load on the mill motor for the vertical mill. However, these readings were later recorded 

for the horizontal mill.

Pellets G

Regrind

-► Powder

(a) Closed Circuit Grinding

Pellets

-►Powder

-►Regrind

(b) Open Circuit Grinding

Figure 3.11 Grinding Circuits.

3.5 Horizontal Mill

The original vertical mill - Wedco SE-12 Pilot grinding system was replaced by a 

similar system utilising a horizontal mill for the second half of the research. This new system 

differed from the original one in that the grinding head was arranged horizontally and the 

throughput capacity was increased by replacing the 24.2kW motor with a 48kW motor. Also, 

the control of the recycled air was improved. On the horizontal mill the pic controlled a
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pneumatic valve at the exit of the fan which was programmed to open when the processing

temperature was within 6 degrees of the set temperature. This prevented the re-circulation of 

hot air and instead cold air was drawn in from the room as a method of controlling the 

processing temperature. The other difference between the air recycle system was that unlike 

the vertical mill where the recycled air passed the exit to the mill, the recycled air was fed 

directly in and around the horizontal mill, as shown in Fig. 3.12. The relative differences 

between the two system can be seen by comparing Fig. 3.6 and Fig. 3.13.

Figure 3.12 Air recycle on the horizontal mill.

3.5.1 Instrumentation

Work was carried out to record the amperage of the mill and voltage of the feeder 

unit. As outlined in section 2.1, these variables were controlled by a set maximum operating 

temperature and a set maximum amperage on the mill (load) therefore, these readings are 

important indicators of throughput and process efficiency.
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3.5.1.1 Load

The amperage on the motor was recorded during all tests (maximum - 63 amps). The 

pic controller quantified load as a percentage of the maximum allowable amperage on the 

motor, where 100% had been set at 60 amps. The recorded values were in amps and are 

expressed as a percentage of the total amperage in the results. Since the load on the mill motor 

is directly proportional to the power consumption, references are made in the results and 

discussion to the load requirements under different processing conditions.

3.5.1.2 Feed Rate

The feed rate of pellets on the horizontal mill was controlled by the voltage to an auger 

feeder and expressed as a percentage by the pic controller. The feed rate for each material was 

calibrated separately due to differences in pellet sizes and shapes. The calibration was then 

used to calculate the feed rate which was expressed in kilograms per hour (kg/hr) in the 

results.

3.5.1.3 Temperature

Seven of the thermocouples used on the vertical mill were transferred to the horizontal 

mill and located in similar positions. The positioning of the thermocouples is illustrated in Fig. 

3.13 and Fig. 3.14. Thermocouples A,B,C were also used to the measure temperature on the 

stationary plate in the same manner as shown in Fig. 3.7 for the vertical mill.
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Dust
Filter

Cyclone'

-► Direction of warm air generated 
in the grinding head.

Warm air returned to the grinding head or 
Cold air drawn in through the valve.Sieves

Powder

Kegrind
' Feed 
Hopper

Grinding
Head

Figure 3.13 Sketch of the horizontal grinding system showing the location of thermocouples.

Figure 3.14 Photograph of the stationary grinding plate with the thermocouples measuring 

temperature across the grinding zone.
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3.5.1.4 Infrared Camera

The temperature build-up in and around the grinding head and within the screening 

unit was viewed using an infrared camera. The system used was an AGEMA Thermovision 

900 Series Scanner. The scanner measures infrared radiation within certain spectral ranges and 

transforms this radiation into object temperature.

3.5.2 Process Variables

After switching from the vertical to the horizontal mill it was decided firstly, to 

concentrate on those variables that had been shown to have the most influence on powder 

quality. The second stage concentrated on defining and exploring ways to improve process 

efficiency. The grinder was operated under open and closed circuit conditions as illustrated 

previously in Fig. 3.11. The powder and regrind rates were measured for both closed and open 

circuit grinding. Throughout the discussion on the horizontal mill those ‘normal’ tests were 

carried out at a gap of 0.3mm, 360 grinding teeth and at maximum throughput condtions.

The following tests measured the effects of the variables on the load on the motor, 

throughput variables, e g. the feed rate of pellets, and the quality of the powder.

3.5.2.1 Gap Size

The effect of gap size on throughput was measured over a range of gaps using a set of 

360 teeth. Gap sizes between a minimum of 0.2mm up to 0.8mm were used in the tests.

3.5.2.2 Screen Mesh Sizes

Four sets of sieves of different mesh size were tested in the classifier. The sizes used 

are shown in Table 3.3.
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Mesh per 
Inch

Sieve Opening 
Microns

62 308
38 503
28 716
24 869

Table 3.3 Screen mesh sizes used in the classifier.

3.S.2.3 Number of Mill Teeth

Three sets of grinding plates with 240, 360 and 480 teeth on the surface were used to 

measure their effect on throughput. A side view of the three rotating plates placed over each 

other is shown in Fig. 3.15, illustrating the relative differences in the tooth dimensions. Fig. 

3.16 (a) is a cross-section from a rotating plate showing the angle at which the teeth were cut, 

typically in the region of 4°. Fig. 3.16 (b) is a cross-section of the stationary plate showing the 

water cooling channel directly behind the cutting teeth. Fig. 3.17 is a sketch of the cross 

sections of both cutting plates as they are positioned during processing. As illustrated, the 

outer diameter of the cutting teeth on the stationary plate extend beyond those on the rotating 

plate, and the inside diameter of the cutting teeth on the stationary is greater than for the 

rotating plate. These offsets help firstly, to feed the pellets into the grinding zone (overlapping 

area) from the centre, and secondly to feed the particles out at the periphery. Table 3.4 gives 

the values for the length of the teeth on the rotating plate R, the length of the teeth on the 

stationary plate S, the length of the grinding zone A and the angle of the rotating plate. The 

values show that the grinding zone, or the distance over which the pellets and particles are 

ground varied for each set of plates.

The tooth lengths on the rotating plates from the 360 and 480 sets were reduced to the 

values given in Table 3.5. This meant that a comparison could be made between the 

throughput rates from cutting plates having the same length of a grinding zone but different
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numbers of teeth. The length of the cutting teeth on the rotating plates from the 360 and 480 

sets were reduced from R to R', so that the overlap. A, and the depth at the entrance, D, of 

the grinding zone were the same. This change in the tooth length on the 360 and 480 rotating 

plates is shown in Fig. 3.18 (a) and (b) respectively, and shows the smooth section where the 

teeth had been removed.

(a) (b)
Figure 3.16 Sections from (a) rotating and (b) stationary cutting plates.
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Feed
(Pellets + Regrind)

Figure 3.17 Cross-section of cutting plates.

Dimensions (mm) 240 Teeth 360 Teeth 480 Teeth
S - Tooth Length, Stationary Plate 50 mm 64 mm 59 mm
R - Tooth Length, Rotating Plate 65 mm 68 mm 68 mm
A - Overlap 47.5 mm 60 mm 54.5 mm
D - Depth 3.36 mm 3.48 mm 3.24 mm
Angle 4.05° 3.32° 3.4°

Table 3.4 Dimension of the regular 240, 360 and 480 grinding plate sets.

Dimensions (mm) 360 Teeth 480 Teeth
S - Tooth Length, Stationary Plate 64 mm 59 mm
R' - Tooth Length, Rotating Plate 51.5 mm 51.5 mm
A - Overlap 51.5 mm 51.5 mm
D - Depth 3.3 mm 3.06 mm
Angle 3.67° 3.4°

Table 3.5 Change in tooth lengths for the 360 and 480 grinding plates sets.

(a) (b)

Figure 3.18 (a) Reduced 360 rotating plate, (b)Reduced 480 rotating plate.
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3.S.2.4 Length of the Grinding Zone

A stationary cutting plate having longer teeth than the normal length was used to 

measure the effect on throughput. The comparison also included the 360 rotating plates that 

had been reduced in size. However, it emerged later in the work that the plate had a slightly 

different angle than the other rotating plate. The new dimensions are given in Table 3.6.

Dimensions (mm) 360 Regular 360 Regular - 
Reduced

360 - Longer

S - Tooth Length, Stationary Plate 64 mm 64 mm 71 mm
R - Tooth Length, Rotating Plate 51.5 mm 68 mm 68 mm
A - Overlap 51.5 mm 60 mm 66 mm
D - Depth 3.3 mm 3.48 mm 3.83 mm
Angle 3.67° 3.32° 3.32°

Table 3.6 Dimensions of plates used to measure the effect of the length of the grinding

zone.

3.4.2.S Angle of Rotating Plate

The typical angle at which the cutting teeth on the rotating plate are cut is 4°,relative 

to the base of the plate, as illustrated previously, in Fig.3.17. The effect of this angle was 

measured by three 360 rotating plates which had been cut at three different angles. The 

dimensions are given in Table 3.7.

Dimensions (mm) 360 - 3.32° 360 - 3.67° 360 - 4.07°
S - Tooth Length, Stationary Plate 64 mm 64 mm 64
R - Tooth Length, Rotating Plate 68 mm 68 mm 68
A - Overlap 60 mm 60 mm 60
D - Depth 3.48 mm 3.84 mm 4.27

Table 3.7 Dimensions of three 360 rotating plates cut at 3.32, 3.67 and 4.07°.

3.4.2.6 Vented Rotating Plate - Type A

The vented plate had 16 channels cut into the grinding section along the tooth length 

as shown in Fig. 3.19. The dimensions are given in Table 3.8 and each channel was 3mm deep
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and 10mm in width. These channels were used in an effort to improve the cooling effect 

between the grinding plates, and thereby increase the throughput rate.

(a) (b)

Figure 3.19 (a) Vented rotating plate, (b) Section of the vented plate.

3.5.2.7 Vented Rotating Plate - Type B

The results from the above plate prompted the following plate design, as shown in Fig 

3.20. The dimensions are also given in Table 3.8. The channels were graduated from a width 

of 5.5mm and depth of 3mm to zero at the outer diameter and were cut at a backward angle of 

45°

(a) (b)

Figure 3.20 (a) Rotating vented plate, (b) Section of the vented plate.

Dimensions (mm) Vent - Type A Vent - Type B
S - Tooth Length, Stationary Plate 64 64
R - Tooth Length, Rotating Plate 68 68
A - Overlap 60 60
D - Depth 4.17 4.66
Angle 3.98° 4.44°

Table 3.8 Dimensions of Vented rotating plates.

3-67



Chapter 3 Equipment and Test Methods

3.S.2.8 Forward Angle Grinding Teeth

The effect of having the cutting teeth on the rotating plate at a forward angle was 

measured. The two angles used were 6.7° and 13°C, as shown in Fig. 3.21 (a) and (b), 

respectively. The dimensions of these two rotating plates are given in table 3.9 with the 

dimensions of the regular 360 stationary plate used in the tests.

(a) (b)

Figure 3 21 360 forward angle rotating plate (a) 6.7°, (b) 13°.

Dimensions (mm) 360 FA - 6.7° 360 FA - 13°
S - Tooth Length, Stationary Plate 64 64
R - Tooth Length, Rotating Plate 68 70
A - Overlap 60 60
D - Depth 4.77 4.61
Angle 4.55° 4.4°

Table 3.9 Dimension of 360 forward angle rotating plates.

3.S.2.9 Back Angle Grinding Teeth

Two rotating plates cut at back angles of 6.7° and 13° were also used in a comparison 

with the forward angle plates, as shown in Fig. 3.22 (a) and (b) respectively. The dimensions 

of these two rotating plates are given in table 3.10 with the dimensions of the regular 360 

stationary plate used in the tests.
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Dimensions (mm) 360 BA - 6.7° 360 BA - 13°

S - Tooth Length, Stationary Plate 64 64

R - Tooth Length, Rotating Plate 68 68

A - Overlap 60 60

D - Depth 4.57 4.62

Angle 4.36° 4.4°

Table 3.10 Dimension of 360 backward angle rotating plates.

3.5.2.10 Pellet Sizes

The effect of pellet size was measured by comparing the 4mm pellet supplied by 

Borealis with two smaller sizes. Pellets having a diameter of 2.4mm and 1.7mm were extruded 

on a Killion single screw extruder. The pellet sizes were set by varying the throughput and 

haul off speed from the extruder. The differences in the pellets are highlighted in Table 3.11

and illustrated in Fig. 3.23.

Pellet Size (<j>) Mass (g) Pellets/g Aspect ratio

4 0.036 28 1

2.4 0.015 67 0.7

1.7 0.0064 156 0.5

Table 3.11 Dimensions of pellets.
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Figure 3.23 Pellets sizes; 2, 2.4 and 1,7mm diameter.

3.5.2.11 Heating Material Prior to Grinding

Tests were carried to determine the effect of grinding hot material. Material was 

heated in a Caccia Turbo Blender, as this was the only way of heating the pellets in a relatively 

short time period. However, the capacity of the blender was such that only 100kg of material 

could be heated for any one test.

3.5.2.12 Combining Regrind and Pellet Feed

During the course of the work two factors were identified as having an influence on 

the throughput rate and on the control of the process. Firstly, the rate of regrind and its 

temperature limited the throughput rate and secondly, fluctuations in the rate of regrind lead 

to difficulties in controlling the system. As a consequence of this, the regrind was prevented 

from entering the grinding head as normal and was fed manually into the hopper with the 

pellets. Fig. 3.24 (a) illustrates the usual path taken by the regrind and (b) is the new path 

through the hopper.
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Regrind
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Pellets + 
Regrind
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Figure 3.24 (a) Typical feed paths of pellets and regrind, (b) New path.

3.5.2.13 Feeding Pellets through the System

Pellets were prevented from entering the grinding head and were feed through the 

entire system before being ground. Fig. 3.25 illustrates the path taken by pellets.
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Figure 3.25 Path taken by pellets circulated through the grinding system before being ground.

3.5.2.14 Post Grinding

It was found that powder quality was not simply defined by immediate processing 

variables but also by how it was cooled after grinding. The influence of the cooling rate and 

the effect of re-heating the powder after grinding on powder quality were investigated.

3.5.2.14.1 Cooling Rate

Powder collected from the hopper immediately after it had been ground was cooled by 

a number of different methods to measure the effect of the cooling rate on the powder quality. 

Powder samples were immersed in liquid nitrogen, left to cool on a tray, held in a sample bag 

and finally samples were taken from a pallet three days after grinding.

The temperature of the pallet of bagged powder was recorded using a Rotolog at four 

points within the pallet over a period of three days immediately after the material was ground, 

as shown in Fig. 3.26.
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Figure 3.26 Photograph of pallet.

3.5.2.14.2 Post Heating

Powder samples were heated close to the softening temperature of the material in order 

to analyse the effects of re-heating a powder after it had been ground. This was measured by 

heating powders of different quality in an oven.

Powder samples were initially heated in a Caccia Avo 150C Turbomixer at ISOOrpm 

However, the shearing of the blades in the mixer was found to have a detrimental effect on the 

powder quality.

3.6 Moulding Trials 

3.6.1 Equipment

Moulding trials were carried out on a Ferry Rotospeed 160 carousel machine having 

five stations, two independent arms and computerised control. The oven was heated by a gas 

generated flame from a burner and circulated by a variable speed fan (maximum 400°C). The 

moulding cycles were all programmed to include variables such as rotation speed, oven
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temperature, cooling medium, i.e. forced air convection, water spray, or a combination of

both, and cooler fan volume (maximum 8000 cubic ft/min).

A small number of mouldings were also carried out on the Caccia 1400A machine.

This was designed as a shuttle type machine with a 77000 kcal/h L.P.G burner and cooling

was by an air fan.

3.6.2 Moulds

The following three moulds were used in this work:

1. Steel mould The mould was 300mmx300mm at the base with 300mm sides tapered to 

provide a 330mmx330mm opening.

2. Test moulds. Parts were moulded using two test moulds, each of which is shown in Fig. 

3.27. The test moulds had a series of details such as inserts, threaded pipe, recesses, surface 

textures, etc., which gave a good indication of the mouldability of a powder.

3. Cast aluminium mould The mould was approximately cubic with 260mm sides x 10mm 

thick and contained a 100mm cube inverted comer. The mould was split along its centre 

line with each half having a 3° draft angle. All internal comers of the mould had a 25mm 

radius. Sealing was achieved using a viton ‘O’ ring.

(a) (b)

Fig. 3.27 (a) Test Moulds A, (b) Test Mould B.
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3.6.3 Moulding Conditions

All parts were moulded in an oven operating at 300°C and with an arm and plate speed 

ratio of 1 to 4. Parts were moulded in the steel mould under the following processing 

conditions:

• Peak Temperature - 200°C (Recorded with Rotolog)

• Shot Weight - 2.5kg

• Wall thickness - approximately 4.5mm

Parts were moulded in test mould A under the following processing conditions:

• Peak Temperature - 200°C (Recorded with Rotolog)

• Shot Weight - 1kg

• Wall thickness - approximately 3.3mm

Parts were moulded in test mould B under the following processing conditions:

• Peak Temperature - 197°C (Recorded with Rotolog)

• Shot Weight - 1kg

® Wall thickness - approximately 2.8mm

3.6.4 Moulding Powders

Moulded parts were produced from some of the powders ground under the various 

conditions. These powders were used in a series of moulding trials in order to quantify the 

effect of powder quality characteristics on rotationally moulded parts. Moulding trials looked 

at the effects of the following powder characteristics.

- Dry Flow / Bulk Density

- Particle Size

- Particle Size Distribution
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Other moulding trials looked at the dispersion of fines and larger particles on the 

moulded part wall.

3.6.5 Micropellets

Mouldings were produced in order to compare the behaviour of micropellets with 

powder. Three grades of polyethylene were moulded, both in powder and micropellet form, as 

outlined in Table 3.12. The HD3840 and HD3650 were supplied by Matrix Polymers and the 

ME8151 was supplied by Wedco Technology UK. Ltd. The micropellets were all 

approximately 500pm in diameter with a uniform shape. Fig. 3.27 (a) and (b) illustrate the 

differences in physical shape between the micropellets and powder particles, respectively, for 

grade HD3840.

The powder and micropellets from the HD3840 and HD3560 grades were moulded in 

the following ways:

- Vented mould

- Non-vented (vent pipe closed to build up internal pressure)

- Pressurised (applied internal pressure - Ibar)

The moulding conditions were identical for all three conditions, as shown below 

except that pressure was applied in the latter case at 90°C and removed at 135°C. A Caccia 

RR 1400A shuttle type machine was used and a central pipeline through the arm of the 

machine provided a means by which to pressurise the mould.

The parts were moulded under the following processing conditions:

• Peak Temperature - 195°C (Recorded with Rotolog)

• Shot Weight - 1kg

• Wall thickness - approximately 2.8mm
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The ME8151 micropellets were moulded using test mould B, on the Rotospeed 

machine, under the conditions outlined in section 3.5.3.

Material
Code

Form MFI
(g/lOmin)

Density
(kg/m3)

Bulk
Density
(g/L)

Dry Flow 
(sec)

HD3560 Powder 6 935 354 26
HD3560 Micropellets 6 935 531 10
HD3840 Powder 4 938 367 31
HD3840 Micropellets 4 938 504 12
ME8151 Powder 6 934 407 19
ME8151 Micropellets 6 934 463 12

Table 3.12 Mouldings with powder and micropellets

(a) (b)

Fig. 3.28 (a) Micropellets - R3840 (mag.xlO), (b) Powder - R3840 (mag.x25).

3.7 Part Quality

Moulded parts were analysed by the following commonly used tests for rotationally 

moulded parts.

3.7.1 Moulding Cycle

The behaviour of the powder during the various stages of the moulding cycle was 

recorded using the Rotolog. The melting stage of the cycle was of particular interest from the 

point of view of moulding powders having various quality characteristics. Any effects of 

particle size and shape on the moulding cycle would be expected to appear during melting.
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3.7.2 Shrinkage Measurements

Shrinkage was measured using a travelling microscope system. This consists of two 

parallel axis 1000mm stroke linear modules, a 1000mm stroke connecting axis, and an 

accessible aluminium support frame. A Siko measuring system was attached to each axis and 

comprised of a magnetic band and sensor, and a digital display. A Nikon SMZ1B microscope 

was mounted on the travelling system.

The shrinkage measurements were taken as the percentage difference between two 

known distances on the mould surface and the corresponding distances on the moulded part. 

The shrinkage values presented are the average from two mouldings.

The percentage shrinkage was calculated as follows:

„ Lmould — Lpart

%C =----------------* 100 (3-2)
L/mould

3.7.3 Impact Strength

Impact tests were carried out on a Rosand Instrumented Impact machine. The impact 

strength was calculated as the Peak Energy/mm. The average, minimum and maximum impact 

strength values from two mouldings are presented for each condition.

Impact samples of 60mm x 60mm were machined from the rotationally moulded parts 

and wall thickness measurements were made using a MINITEST FH4000 magnetic thickness 

gauge.

Tests carried out to measure the impact strength of samples at different temperatures 

were carried out using the above impact machine. The samples were heated before impacting 

using an additional heating unit attached the impact machine, as shown in Fig. 3.29.
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Figure 3.29 Sample heating unit attached to the Rosand Instrumented Impact Machine.

3.7.4 Surface Porosity

Surface porosity was quantified for a series of mouldings using a Leica Quantimet 

500+ image analysis system, at the Universidade Do Minho. Each sample analysed was from 

the same section of the moulded part. On average fifteen sections from each sample were 

analysed having an area of 22.5mm2.

For each void the following three measurements were taken,

- Area (pm2),

- Roundness, given a minimum value of unity for a circle and calculated from the 

ratio of perimeter squared to area. Roundness = (Perimeter2)/(4*p*Area*l .064). 

The adjustment factor of 1.064 corrects the perimeter for the effects of the comers 

produced by the digitisation of the image.

- Equivalent Circle Diameter (pm2), i.e. the diameter of a circle having the same area 

as the feature.

Mould surfaces were also viewed by a Scanning Electron Microscope.
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3.7.5 Atomic Force Microscopy

Atomic Force Microscopy was used to analyse the surface of four moulded parts. 

Unfortunately this technique was only capable of analysing 0.035mm2 of the mould surface. 

The small sampling area made this technique impractical.
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4.0 Results and Discussion

This chapter is divided into three sections. Firstly, results from tests carried out on the 

vertical mill are discussed. These provide a good introduction to the effects of a number of 

process variables on powder quality. This also looks at how the throughput from the grinder is 

controlled and how it is a function of each individual feed stream within the system. Secondly, 

the throughput analysis is explored further on the horizontal mill using a wide range of process 

variables. This includes a definition of process efficiency and ways in which this can be 

improved on the existing mill. Thirdly, rotational moulding trials were carried out to relate 

powder quality characteristics with the quality of rotationally moulded parts.

4.1 Vertical Mill

The effect of each of the following process variables on the performance of the vertical 

mill are discussed in this section.

- Gap size between the stationary and rotating plate (mm)

- Speed of rotating grinding plate (rpm)

- Number of Mill Teeth (240, 360, 480)

- Processing temperature at the grinding head (°C)

Feed rate of pellets (kg/hr)

This section also takes a preliminary look at the throughput from the grinding system 

under open and closed circuit grinding. The effects of process variables are presented here 

mainly for the polyethylene grade, NC 8092. However, any differences in the behaviour of the 

two materials (NC 8092 and NG 243 IE) that were discovered during grinding are highlighted.
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4.1.1.1 Gap Size

The gap size between the two grinding plates is important for two reasons. Firstly, the 

mesh size of the screens used in the classifier determines the upper particle size of the powder. 

In this work 38 mesh sieves were used so that particles greater than SOOpm remained in the 

regrind stream and were reground. Therefore, the gap setting only alters the size distribution 

of powder particles under 500p.m. Secondly, the gap size has a big influence on the amount of 

oversize material returned to the grinding head.

Opening the gap from 0.35 to 1.5mm had the effect of altering the particle size 

distribution of the powder, as shown in Figure 4.1. There was an increase in the average 

particle size due to the higher percentage of larger particles produced as the gap was widened. 

There was little difference in powder characteristics for gap sizes between 0.35 and 0.45mm, 

suggesting that variations in the gap within this range are not so critical in terms of the particle 

size distribution of the powder. The micro-graphs in Figure 4.2 show the difference in the size 

and shape of particles produced at two different gap sizes for both materials. The increase in 

the overall particle size at the larger gap can be seen by comparing (a) and (b) for NG 243 IE 

and (c) and (d) for NC 8092. Increasing the gap also produced larger elongated particles as 

shown in (b) and (d). These particles were able to pass through the screens in the classifier 

because one of their dimensions was less than 500 microns, thus increasing the average 

particle size of the powder.

Particle size analyses of the samples taken from the particle stream before it entered 

the sieves are shown in Figure 4.3. This stream contained those particles under 500pm which 

would have passed through the screens and those over 500pm which would have been 

reground. The size distribution clearly shows that as the gap was increased, the percentage of 

particles under 500pm exiting between the grinding plates dropped significantly. Therefore,
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the increase in the percentage of oversize particles seen here must have an effect on the 

performance of the grinder. The effects of this regrind stream will be dealt with in further 

detail later in the chapter.

Small variations in the dry flow and bulk density values were recorded over the range 

of gap sizes tested, as shown in Figure 4.4. However, further work indicated that the small 

variations may be due to difficulties in controlling the processing temperatures rather than the 

gap size.

Gap Size / Avg. Particle Size 
(mm) (urn)_______

-*-0 35/306 
-•-0 45/305 
-*-0.65 / 328 
-*-0 85 / 342
-*-1.1 / 355 ____________
-*-1.5 / 362 /l

Sieve Size (microns)

Figure 4.1 Effect of gap size on the powder particle size distribution.

(a) Gap - 0.35mm (mag.x25) (b) Gap - 0.85mm (mag.x25)
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(c) Gap - 0.35mm (mag.x20) (d) Gap - 1,5mm (mag.x20)

Figure 4.2 Particle shape (a) & (b) NG 243 IE, (c) & (d) NC 8092.

0.35mm 

-^-0 45mm 

0.65mm 

0.85mm 

1.1mm 

1 5mm

Sieve Size (microns)

Figure 4.3 Effect of gap size on particle size distribution of the material stream entering the

sieves.

325 c
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10 -
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Figure 4.4 Effect of gap size on the dry flow and bulk density values.
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4.1.1.2 Mill Speed

Varying the speed of the rotating cutting plate had a small effect on the particle size 

distribution of the powder, as shown in Figure 4.5. There is a small increase in the average 

particle size of the powder particles which supports the variation in the particle size 

distribution of the material stream entering the sieves, as shown in Figure 4.6. These results 

imply that operating the mill at higher speeds produces larger particles. The mill speed had no 

apparent influence on the dry flow or bulk density values, as shown in Figure 4.7.

The main influence of mill speed was found to be in controlling the temperature of the 

grinding head. Operating the mill at the maximum speed increased the cooling effect of the 

ambient air passing between the rotating and stationary plates. The throughput rate from the 

grinder is very dependent on the cooling rate, since processing temperature is limited by the 

softening temperature of the material, ft is important to be able to maximise the cooling effect 

of whatever cooling method is used in the grinding head - in this case the use of ambient air. 

Therefore, increasing the speed of the rotating plate has the effect of increasing the air flow 

rate between the grinding plates.

lill Speed /Avg. Particle Size 
(rpm)_____

-•-4500 / 308

6250 / 310

0 100 200 300 400 500 600

Sieve Size (mm)

Figure 4.5 Effect of mill speed on the powder particle size distribution.
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“•"4500 rpm

Sieve Size (microns)

Figure 4.6 Effect of mill speed on particle size distribution of the material stream entering 

the sieves.
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Figure 4.7 Effect of mill speed on the dry flow and bulk density values.

4.1.1.3 Number of Mill Teeth

The number of cutting teeth on the surface of the cutting plates had a large effect on 

the particle size distribution of the powder, as shown in Figure 4.8. Increasing the number of 

cutting teeth from 240 to 480 produced powders with a higher percentage of finer particles 

reflected in the huge drop in the average particle size. This is evident from the micro-graphs 

shown in Figure 4.9(a) and (b) of powder particles produced by 240 and 480 plates, 

respectively. These show the effect of increasing the number of grinding teeth on the particle 

shape and size.

The effect of the number of grinding teeth on the particle size distribution of the 

material stream entering the classifier is shown in Figure 4.10. The material ground using 240
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teeth yielded a higher percentage of oversize particles than the 360. This is especially the case 

for the 480 teeth plates which has a very low percentage of oversize particles. This result 

would be expected on the basis of the difference in the rates of regrind from each set of plates. 

That is, the 240 plate will have a much higher rate of regrind than either the 360 or the 480.

A pellet travelling between two plates having 480 teeth will be impacted and sheared 

more than if it went between two 240 plates. The increase in the tooth depth going from a 480 

to a 240 plate also means that larger particles can escape through the gap at the periphery of 

the two grinding plates.

The consequence of the large difference in the percentage of fine and large particles in 

the powder produced from each of the three sets of cutting plates was the major variation in 

the dry flow and bulk density characteristics, as shown in Figure 4.10. The bulk density and 

dry flow characteristics improved with a decrease in the number of cutting teeth. This 

improvement is linked to the higher percentage of large particles which tend to flow much 

better than fine particles.

No. of Cutting / Avg. Particle 
Teeth Size (jimj

240 / 355

-•-360/305

480 / 243

Sieve Size (microns)

Figure 4.8 Effect of number of cutting teeth the powder particle size distribution.
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(a) 240 Cutting Teeth (b) 480 Cutting Teeth

Figure 4.9 Particle shape - NC 8092.

360 Teeth

480 Teeth

sieve size (microns)

Figure 4 .10 Effect of number of cutting teeth the powder particle size distribution of material 

entering the sieves.

- 325 c
20

300 m

Dry Row 

Bulk Density - 275

Number of Mill Teeth

Figure 4 .11 Effect of number of cutting teeth on the dry flow and bulk density values.
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The feed rate was only varied during the first test series, using NG 243 IE. Increasing 

the feed rate into a classifier decreases the screening efficiency and raises the percentage of 

undersize particles found in the regrind stream1'71. This helps to explain the small difference in 

the particle size distributions between the low and medium or high feed rates, as shown in 

Figure 4.12. At the low feed rate, a higher percentage of those particles near mesh size passed 

through the sieves compared with the medium and high feed rates. At the low feed rates the 

probability of a particle approximating to the size of the screen mesh and passing through the 

screen is increased. Therefore, the regrind stream at the low feed rate contained less undersize 

particles. This conclusion is supported in Figure 4.13 where the feed stream entering the 

sieves contained less particles in the region of 300-500|j.m.

The feed rate has a large effect on the processing temperature, in that increasing the 

feed rate raises the temperature. The rise in temperature reflects the increase in the amount of 

work done by the grinding plates in shearing the pellets into particles. During these tests the 

processing temperature did not reach a sufficiently high temperature to yield ‘good’ quality 

powder. Therefore, the effect of processing temperature on the rate of regrind due to 

screening efficiency is not obvious.

13 - Low
14 - Medium 

^-J5 - hiigh

Sieve Size (microns)

Figure 4.12 Effect of feed rate on the powder particle size distribution.

4-89



Chapter 4 Results and Discussion

Sieve Size (microns)

Figure 4 .13 Effect of feed rate on the particle size distribution of the material stream entering 

the sieves.

4.1.1.5 Regrind

The effect on the particle size distributions of the powder and on the amount of the 

regrind of grinding a small batch of pellets and then returning the oversize particles to be 

reground is shown in Figure 4.14 and Figure 4.15. Due to the small quantities of material 

being ground during each cycle, the temperature of the grinder was not sufficiently high to 

yield ‘good’ quality particles. Therefore, the presence of ‘tails’ on particles, particularly those 

close to the screen mesh size, may have restricted them from passing through the screens and 

instead they travelled through the system as oversize particles.

The average particle size of the powder produced during the first cycle is much lower 

than for the following two cycles. Figure 4.15 shows that the material entering the sieves 

during the first cycle had a high percentage of powder particles under 500pm. The following 

two cycles had a lower percentage of particles under 500pm. After the first cycle a higher 

percentage of those particles close to the screen mesh size (500pm) are passing through the 

screens into the powder stream.

The increase in the percentage of particles over 500pm passing through the screens 

into the powder stream suggests that the screening efficiency of the classifier improved as the 

average size of the particles entering the screens increased. The small difference in the size
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distributions of the particles in cycles 2 and 3 shows that grinding the oversize material

resulted in very little size reduction. Under normal conditions the regrind stream enters the 

grinding head with the pellets and this increase in the throughput between the grinding plate 

may improve the rate at which the oversize material is reduced in size. The implications of the 

nature and quality of the regrind stream will be discussed in more detail later.

Cycle No. / Avg. Particle 
Size (pm)

-•-1/310

2/416

Sieve Size (microns)

Figure 4 .14 Effect of grinding oversize material on the powder particle size distribution.

Cycle 1

Cycle 2

Cycle 3

Sieve Size (mm)

Figure 4.15 Effect of re-circulating the oversize material on the size distribution of the feed 

stream entering the classifier.
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4.1.1.6 Temperature

Processing temperature emerged as being the most important variable in achieving a 

high quality powder for rotational moulding. The factors that temperature influences are the 

dry flow and bulk density. Analysis of the powders produced from the initial tests using NG 

243 IE showed that the grinder was not being operated at an optimum processing temperature 

during testing. The results from this test series were accurate for the particlular processing 

conditions used but the grinder was not operating at a sufficiently high temperature to produce 

‘good’ quality powders. The effect of temperature was explored in greater depth using the 

grades NC 8092 and ME 8151.

At low processing temperatures, the grinding process operates very inefficiently. The 

particles produced are of very low quality, having ‘tails’ on their surface. Therefore, the poor 

quality ‘hairy’ particles, particularly those approximating to the size of the screen mesh, are 

prevented from passing through the screens in the classifier. Those particles which should 

have passed through the sieves are re-circulated with the actual oversize particles. As the 

system beings to heat up the quality improves, e g. ‘tails’ are removed and these particles pass 

through the screens into the powder stream. The consequence of grinding poor quality 

particles is that the throughput from the system can only be optimised when it reaches a 

temperature at which it can produce high quality powders.

The effect of processing temperature on the powder particle size distribution of NC 

2431E, NG 8092 and ME 8151 are shown in Figure 4.16, 4.17 and 4.18, respectively. From 

each of the graphs it is possible to see that as the temperature increases, so too does the 

average particle size. Initially at the low temperatures, the larger particles have not passed 

through the screens due to their poor shape and the shift in the size distribution is caused by 

the increase in the quality of the particles. The high percentage of fine particles seen here at 

the start of tests, and at lower temperatures, may also be due to the increase in the amount of

4-92



Chapter 4______________________________________________ Results and Discussion

regrind at the early stages which results in finer particles. Later work will show that up until

the point where the system stabilises, the regrind rate continues to fall and this will therefore 

influence the relative percentage of particles sizes in the powder. Also, at the start of the test, 

any fines which remained in the system from previous tests may be carried out. This effect is 

more clearly seen by looking at the size distribution of the particles entering the classifier. 

Figure 4.19 shows that the percentage of particles under 500pm decreased as the temperature 

increased and the system stabilised. Therefore, at the higher temperatures less undersize 

material was present in the feed stream which has the overall effect of reducing the rate of 

regrind. Also, later work will show that static has a part to play in the screening efficiency by 

causing particles to ‘cling’ together. It is thought that this effect is minimised at higher 

processing temperatures.

The NC 2431E had a higher percentage of particles over 500pm present in the powder 

at the higher temperatures compared to the other two materials. The two materials had 

different densities and melt flow rates. The NC 243IE was a LDPE and the NG 8092 a HDPE 

having respective MFIs of 7 and 3.6 and densities of 935 and 945 kg/m'. The result of this 

was that the maximum grinding temperature for LDPE was much lower than for the HDPE. 

Figure 4.20 shows the particle size distributions obtained for both materials at the same 

processing temperature (86°C). Grinding at this temperature yielded a higher quality LDPE 

than HDPE powder as evidenced by the higher percentage of particles greater than 400pm 

which were present in the powder.

The effect of temperature on powder dry flow rates and bulk density is shown in 

Figure 4.15 for two material grades. There appears to be an almost linear relationship between 

the processing temperature and these two characteristics. The effect of processing temperature 

on the two polyethylene grades is illustrated by the difference in characteristics at various
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temperatures. The LDPE was of much higher quality than the HDPE at the temperatures 

measured due to the difference in physical properties between the two grades.

The increase in the quality is a direct result of improvements in particle shape, only 

possible at high processing temperatures. The improved particle shape is evident from the 

micro-graphs in Figure 4.22 (a) and (b). At the higher temperature, the surface of the particles 

appears to have melted as opposed to the rather ‘ragged’ appearance of those particles at the 

lower processing temperature. Fig 4.17(a) and (b) show the improvement in powder shape for 

NG 2431 E and (c) and (d) for NC 8092.

Sieve Size (microns)

Figure 4.16 Effect of processing temperature on the powder particle size distribution, NG 

243 IE.

“•“lOmin - 65° C

-*-30min - 86°C

-■■"60min - 96°C

Sieve Size (microns)

Figure 4 .17 Effect of processing temperature on the powder particle size distribution, NC 

8092.
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90 mins - 102°C
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Figure 4.18 Effect of processing temperature on the powder particle size distribution, ME 

8152.

Temperature / % of Particles under 
500 microns

-*-65°C - 36%

-*-710C - 21%
-*~85DC - 20%

-"-STX - 19%

"*“89°C - 12%

Sieve Size (microns)

Figure 4.19 Effect of processing temperature on the size distribution of the regrind NG 

243 IE.

NC 8092

NG 2431 E

300
Sieve Size (microns)

Figure 4.20 Difference in the particle size distribution between NG 243 IE and NC 8092 

under the same processing conditions (86°C).
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350 S

-NG 2431E-Dry Flow 
-NC 8092-Dry Flow 

NG 2431E - Bulk Density 
NC 8092 - Bulk Density

325 c

300 110

Processing Temperature °C

Figure 4.21 Effect of processing temperature on dry flow and bulk density.

(a) NG 2431 E - 70°C (mag.xSO) (b) NG 2431 E - 89°C (mag.xSO)

(c) NC 8092 - 70°C (mag.xSO) (d) NC 8092 - 97°C (mag.xSO)

Figure 4.22 Micro-graphs showing the effect of grinding temperature on particle shape.

4.1.2 Process Temperature

The temperature within the system was monitored at various points during testing on

ME 8151. The temperature readings shown in Figure 4.23 were typical of the tests carried

out. There is a slight temperature drop moving from the grinding head to the recycle pipe. The
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heater on the air recycle pipe helped to increase further the temperature of the recycled air. It

is important to note the rise in the ambient air temperature surrounding the grinding machine. 

This was typical for any test carried out and this rise in temperature will ultimately reduce the 

cooling effect of the air being drawn into the system.

Temperature readings taken from the stationary plate gave an indication of the relative 

amounts of grinding which occurred in the different regions. Figure 4.24 shows the 

temperature traces obtained from thermocouples located as illustrated along the cutting tooth 

length. The results indicate that the temperature is higher by about 10°C towards the outer 

end of the cutting teeth. As the feed stream travels between the grinding plates towards the 

outer region, the temperature of both the incoming air and the material will have increased. 

The regrind material entering the mill is of a much higher temperature than the raw pellets and, 

due to the smaller particle size, the grinding of the recycled material may be concentrated in 

the outer region. These factors would have contributed to the temperature differences seen 

here. Also, the increase in the temperature along the stationary grinding teeth implies that 

more grinding occurred in the center and outer regions. Further work on the horizontal mill 

shows that this is indeed true.

There is a belief that the grinding in the vertical mill is unevenly spread over the 

surface of the cutting plates and that more grinding tends to occur in the lower regions due to 

gravitational forces. Figure 4.25 shows temperature traces from thermocouples at three points 

equally spaced and located on the surface of the stationary grinding plate. There is a 

temperature difference between points 1 and 3 of approximately 8°C. These results show that 

the temperature was highest in the lower region and the temperature dropped in the direction 

of rotation, i.e. the rotating grinding plate.
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Figure 4 23 Temperatures at various points within the system.

2 50 -

1, 2 A 3 show the position 
of thermocouples 
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Time (mins)

Figure 4.24 Difference in the temperature along the length of the grinding tooth, gap 0.45.

1--------

1, 2 A 3 show the position 
of thermocouples 

i the stationary grinding plateQ- 40

Time (mins)

Figure 4.25 Difference in the temperature around the stationary grinding plate, gap 0.45.
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The scope of the throughput analysis on the vertical mill was somewhat limited by the 

lack of instrumentation. However, the results from the tests carried out served as a good 

introduction to the grinding operation and also assisted with the interpretation of the results 

from the horizontal mill.

Tests were carried out under both closed and open circuit conditions to improve the 

understanding of the process. The individual material ‘streams’ were measured to build up a 

picture of the function of each of these in balancing the entire system. The powder output 

during closed circuit grinding under normal operating conditions is shown in Figure 4.26 at 

two feed rates. The regrind rate was not measured for the vertical mill and the role of the 

regrind in closed circuit grinding will be discussed in detail later for the horizontal mill. The 

graphs show that there is a period at the start of the test run during which the output has not 

stabilised.

Operating the grinder under open circuit conditions and measuring the powder and 

regrind output rates helped to explain the above results. Figure 4.27 shows the powder and 

regrind outputs during a test carried out under the same processing conditions as above for a 

high feed rate and the initial stabilising period is readily apparent. Clearly, during this period 

the slow increase in the powder output is reflected in the drop in the regrind rate. The sum of 

the powder and regrind outputs gives the total throughput for the test run which remains 

constant throughout. Comparing both grinding circuits conditions in Figure 4.28 shows that 

there is little difference in the powder outputs.

It is also interesting to compare the temperature difference at the grinding head for 

closed and open circuit grinding at the high feed rate. This is given by thermocouple no. 2 

from Figure 4.24 and Figure 4.25 for closed and open circuit grinding, respectively. The traces 

show that the temperature was approximately 10°C higher for closed circuit grinding. The
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difference in temperature is due to the regrind material entering the grinding head at a much

higher temperature during closed circuit grinding. This also had the effect of increasing the 

time required by the powder output to stabilise during open circuit grinding compared with 

closed circuit grinding.

The other consequence of the temperature difference between the circuits is the effect 

on powder quality. Figure 4.29 shows how the dry flow and bulk density values are improved 

during closed circuit grinding as a result of the higher processing temperature.

As a result of this initial investigation in defining the throughput behaviour of the 

grinding system, a number of interesting points arose needing further investigation on the 

horizontal mill. These were:

1. What is the function of the regrind stream since it has been shown to have little effect on 

increasing the powder output?

2. What influence has the regrind stream on the size control of the powder particles?

3. What is the effect of the regrind stream on the efficiency of the process?

4. What is happening during the period before the system has stabilised?

5. What are the implications of this period in controlling the grinding machine?

6. What is the consequence of the huge difference in processing temperature between closed 

and open circuit grinding9

7. What are the effects of different variables such as gap size, etc., on the throughput?

8. Is it possible to reduce the rate of regrind whilst still producing ‘good’ quality powders?
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High Feed Rate

Medium Feed Rate

Time (min)

Figure 4.26 Effect of feed rate on powder output under closed circuit conditions.

Combined output (Powder + Regrind)

Regiind

20 i

Time (min)

Figure 4.27 Effect of operating the grinder under open circuit conditions.

Powder + Regrind - oc

120 ~ -
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Powder - cc
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Figure 4.28 Comparison of the output from closed and open circuit conditions.
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Dry Flow 

Bulk Density

300 10
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Open Circuit

Figure 4.29 Comparison of the powder quality from open and closed circuit conditions.
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4.2 Horizontal Mill

The results from the vertical mill were very interesting and of considerable practical 

relevance but it was decided that further research should concentrate on a horizontal mill for a 

number of reasons.

1 There has been a move away from vertically arranged mills to horizontal mills by Wedco 

and it was thought that future research on the horizontal mill would therefore be of greater 

benefit to the company.

2. The work carried out on the vertical mill highlighted the importance of grinding the 

polyethylene granules close to the highest possible temperature before melting occurred. 

The new horizontal mill had improved control over the processing temperature by the 

addition of an automatic valve on the air recycle pipe that responded to changes in the 

processing temperature.

3. It was decided to increase the size of the mill motor from 24 to 48kW, thereby increasing 

the throughput capacity of the system The throughput rate on the new mill approximated 

to the typical rates achieved by Wedco in their commercial systems thus ensuring 

comparative results that would be more meaningful.

The grinding plates used in testing were supplied by Wedco for the purposes of this 

research. There was some inconsistency in the dimensions of a number of the grinding plates 

that was only discovered late in the research work. This made it difficult to make direct 

comparisons between a number of sets of plates, however the variations are highlighted and 

the implications discussed throughout the chapter.

4.2.1 Effect of Temperature on Powder Quality

Tests carried out on the vertical mill showed that powder quality depended on a 

number of process variables, including gap size and number of teeth, etc. Such variables were
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shown to be important in defining properties such as the average particle size and particle size 

distribution of the powder. However, it was the process temperature which ultimately defined 

a high quality powder. Grinding at a high temperature yielded "clean" particles with no ‘tails’.

Initial trials set out to establish the processing temperature limits for the horizontal 

grinder using the ME 8151 grade of polyethylene. Tests were carried out whereby, after the 

system was known to have stabilised by monitoring the powder and regrind rates, the set 

temperature value was increased until a point was reached when the material was beginning to 

melt. This was detected by observing the tendency of particles in the regrind stream to stick 

together in clumps. Continuing to grind at a temperature beyond this point resulted in melt 

down, i.e. the surface of the particles melted causing agglomeration of material at the exit to 

the grinding plates.

The influence of processing temperature is evident in Figure 4.30 for material ground 

under normal conditions - gap size 0.4mm, 360 grinding teeth and maximum throughput. The 

increase in processing temperature was accompanied by dramatic improvements in the dry 

flow and bulk density properties. There is a clear processing window for this material in terms 

of the desired powder quality. Grinding this grade at a temperature above 94°C produced 

powder having a dry flow rate less than 24 seconds, which is indicative of a ‘high’ quality 

polyethylene powder for rotational moulding. In an industrial situation it is unlikely that the 

grinder would be operated at a temperature close to the melting temperature of the material 

Powders are normally ground within accepted quality limits, typically 18 to 28 seconds for dry 

flow rates, depending on the material grade and customer requirements. Operating slightly 

below the maximum temperature is shown not to compromise the quality of the powder, but 

prevents the possible occurrence of melt-down due to uncontrollable factors, such as a change 

in ambient conditions.
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The improvements in powder quality are solely due to the changes in particle shape 

made possible at high processing temperatures. Close examination of the particles revealed the 

effects of the severe shear and fracture processes on the particle shapes during grinding. The 

particles are highly irregular in shape and the surfaces of the particles tend to be very uneven. 

A typical particle is shown in Figure 4.31 (a) and a section (b) from the surface of the particle 

focuses on the hair-like fibres formed during the grinding process as the particles are sheared 

from the pellet. These hairs were present on the surface of the particles and between fracture 

surfaces. It is the presence of these fibres and fractures generated during grinding that result in 

poor quality particles at low processing temperatures and that also lead to the shape 

improvement in particles at high processing temperatures. Changes in the overall particle 

shape are also thought to contribute to the improvement in quality. The high temperatures not 

only provide the energy needed by the ‘tails’ to relax back to their original shape but it also 

promotes the ‘relaxation’ or ‘healing’ of fractures on the surface and within the particles. Such 

small changes are manifested in an increase in the dry flow since there are less restrictions to 

flow caused by ‘tails’. There is also an increase in the bulk density due to changes in the shape 

and less ‘tails’ allowing the particles to pack closer together.

The improvement in powder quality with increasing processing temperature 

corresponds to an increase in the crystallinity content within the powder particles. The 

percentage crystallinity in the powder particles was shown to be promoted by the grinding 

temperature, as illustrated in Figure 4.32 for two grades of polyethylene. Polymers such as 

polyethylene exist in a non-equilibrium thermodynamic state and therefore their structure will 

continue to change toward the more stable state of lower free energy. The drive towards a 

more equilibrium state is accelerated at the higher temperatures by the process of annealing 

since the free energy of the polymer chains is increased as the temperature approaches the 

melting temperature, extending the rate of structural rearrangement. The combined effect of
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grinding at higher temperatures and the prolonged annealing time was evidenced by the higher 

crystallinity content The process of grinding induces stresses into the particles that are 

relieved by annealing the polymer structure and allowing it to rearrange itself into a more 

stable state. The impact and shearing action between the grinding plates produces these ‘tails’ 

on the surface of the particles. At the lower grinding temperatures the particle shape is 

‘frozen’ into place and the ‘tails’ remain stretched because they lack sufficient energy to relax. 

At the higher processing temperatures the surface of the particles are almost melted and 

although some ‘tails’ are formed, the molecular structure of the stressed polymer has sufficient 

energy to relax back into its former shape.

Although the actual temperature at which the particles are ground between the plates 

is very important in defining powder quality, there are a number of different aspects to the 

processing temperature that also effect quality. These include the temperature of the grinding 

system, the temperature of the air stream and the rate at which the material is cooled after it 

leaves the system.

- 400

- 350

- 300 J

- 250 £

- 200 Q
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- 150 m
Dry Flow

■' Bulk Density

Processing Temperature °C

Figure 4.30 The effect of processing temperature on bulk density and dry flow of ME 8151.
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(a) (mag. x 110) (b) (mag. x 3,700)

Figure 4.31 (a) PE particle, (b) section showing the formation of hairs.

c 52 ------

Processing Temperature °C

Figure 4.32 Effect of grinding process temperature on the % crystallinity in the powder 

particles.

4.2.1.1 Heating Powder after Grinding

It has been found that the quality of a powder after it is ground can be improved, by 

annealing it at a temperature as close to the melting temperature (Tm) of the material as 

possible.

The influence of temperature on powder quality was observed by heating ‘poor’ 

quality powders in an oven after they had been ground. Figure 4.33 shows the improvements 

in the dry flow and bulk density properties when the powder was heated to 95°C or 105°C and 

held in an oven over a period of hours. After one hour the bulk density had increased by 6 

percent at 95°C and 12% at 105°C. At the higher temperature the annealing rate was faster.
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increasing the rate of molecular reordering into a more stable and denser structure. The 

consequence for the powder properties was a decrease in the specific volume of the particles 

as shown by the improvement in bulk density. Also, close examination of the particles before 

they were heated showed small ‘tails’ attached to the surface of the particles as shown in 

Figure 4.34 (a). After heating, there was a noticeable reduction in the presence of‘tails’ which 

resulted in improvements in the dry flow and bulk density values of the powder as shown in 

Figure 4.34 (b). This also shows the effect of heating at different temperatures. The properties 

of the powders heated at 105°C improved faster than those heated at 95°C.

The improvements seen here may be considered to be too slow to be economically 

viable in an industrial situation. However, it is important to note that the powder was sitting in 

an oven and not moving. It would be expected that moving or even fluidising the powder in 

hot air would result in much faster improvements in the powder quality. Such a post-grinding 

operation could be considered in cases where the quality of the ground powder is too ‘poor’ 

to be moulded. These results support the claims by Wedco that a 20 percent increase in the 

bulk density was observed in powders that had gone through a ‘polishing’ system after 

grinding171

Dry Flow

Dry Flow 
105°C

300 c

O 15
Bulk Density 

105°C. - *
280 10Bulk Density 

95°€

Time (hours)

Figure 4.33 The effect of heating poor quality powder in an oven on the dry flow and bulk 

density values.
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(a) (b)

Figure 4.34 (a) Particles before heating, (b) particles after heating.

4.2.1.2 Powder Cooling Rate

During the course of the project it was found that powder quality and the achievement 

of consistent quality was not only dependent on immediate process conditions, but also on the 

rate at which the powder was cooled after grinding. Varying the cooling rate was found to 

have a significant influence on the powder quality characteristics.

To illustrate this effect, powder collected from the hopper immediately after it had 

been ground was cooled by a number of different methods. Powder samples were (a) 

immersed in liquid nitrogen, (b) left to cool at ambient conditions on a tray, (c) held in a 

sample bag and (d) taken from a pallet three days after grinding. The dry flow and bulk density 

of the powder samples were measured at the same time and the variation in the properties of 

the samples is shown in Figure 4.35. The results show that there were improvements in the 

powder quality as the cooling rate was reduced. Those powder samples that cooled at the 

slowest rate in the pallet had the fastest dry flow rate and highest bulk density value. A slow 

cooling rate annnealed the particles and allowed remaining ‘tails’ sufficient time to relax back 

into the particles. There was a difference in the dry flow rate of 3 seconds between the powder 

cooled slowly in the pallet and the powder cooled almost instantaneously in the liquid 

nitrogen. Cooling powder particles quickly results in "freezing" the particle shape including 

‘tails’ in place, inhibiting any shape improvement.
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The powder that cooled slowly in a pallet was of a higher quality than the others. This 

is due to the slow rate at which it was cooled, approximately l0C/hour as shown in Figure 

4.36. The traces show the powder temperature drop at four points within the pallet over a 

period of three days immediately after the material was ground. These results emphasize the 

effects of powder cooling and storage conditions on quality characteristics immediately after 

grinding.

The effect of the various cooling methods was also measured in terms of the change in 

percentage crystallinity over time. Figure 4.37 illustrates the percentage crystallinity of the 

powders cooled at different rates as a function of time. This graph shows the aging 

characteristics of polyethylene powders after grinding. The first five samples were analysed 3 

days after grinding since two of the samples were held for 3 days in a pallet. Therefore, the 

other samples would have aged slightly over the three days. Excluding the sample cooled in 

liquid nitrogen, the other four samples displayed irregular behaviour over the first few days. 

After two weeks there was a steady increase in the percentage crystallinity and those samples 

that were cooled slowest had the higher values. The cystallinity content of the two samples 

cooled in the pallet were remarkably similar, as were the two that were cooled relatively 

quickly at ambient conditions and in the freezer. After 40 days there was a difference of 

approximately 1.8 percent between the two sets of samples reflecting the different cooling 

rates. Those having the slowest cooling rates had the higher crystallinity content. Overall there 

was a increase of approximately 3 percent in the crystallinity over the 40 days of those sample 

held in the pallets compared with only one percent for ambient cooling. The sample cooled in 

liquid nitrogen displayed a sharp increase in the percentage crystallinity over the first two 

weeks, after which there was a drop to below the original value. The rapid cooling of the 

powders in liquid nitrogen resulted in the polymer being in a thermodynamic non-equilibrium
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state. The particles were quenched preventing the normal growth of spherulites seen under 

normal cooling rates and this was followed by a rapid increase in the percentage crystallinity.

The effect illustrated here was also observed in a study on extruded polypropylene 

sheet172'7'1. This study found that the three day period following extrusion produced a 

substantial increase in sheet crystallinity following by a dip in the crystallinity over four weeks, 

after which it recovered to an equilibrium value after 30 days. The results were substantiated 

by similar trends in impact strength, elastic modulus and yield strength. The behaviour in this 

instance was attributed to a secondary crystallisation process taking place after extrusion 

causing a crystallite reorganisation or possibly the development of crystal structure within the 

spherulitic or attactic boundary regions of the sheet. The difference between extrusion and the 

grinding of polyethylene is that the ground particles are not melted during grinding. Therefore, 

subsequent changes in the powder particles after grinding are due to, firstly, the induced 

stresses during processing and, secondly, changes in the crystalline structure as a result of the 

annealing process. The change in the particles are brought about by the physical aging of the 

polymer, the rate of which is dependent on the temperature and time. Being in a non

equilibrium state, the structure of the polymer continues to change towards a more stable state 

of lower free energy. The process of annealing is an accelerated aging process and is what 

occurs at the slow cooling rates or by re-heating the powder.

The consequences of physical aging of polymers are of great concern in some 

processes such as thermoforming where the properties of the formed parts and their behaviour 

after processing is dependent on the thermal history of the extruded sheet. With respect to the 

grinding of polyethylene powders, this phenomena effects the physical powder characteristics 

such as the dry flow and bulk density properties over time. A change in the physical properties 

of powders was detected over periods of time as a result of the aging process. Figure 4.38 and 

Figure 4.39 present the changes detected in two polyethylene powders ground at different
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temperatures over a period of time. The dry flow rates showed little change even though the 

bulk density properties improved by approximately 3-5 percent. Since polyethylene has a glass 

transition temperature it continues to crystallise at room temperature causing a decrease in the 

specific volume of the polymer l37]. These results support the findings from research on the 

aging of polymeric materials that relate changes in the molecular structure to the decrease in 

specific volume, enthalpy and entropy in the polymer as it reverts to an equilibrium state l39’401.

Small changes may be detected during the melting stage of the rotational moulding 

cycle. The length of the heating stage is dependent on the rate of heat transfer to the material 

and the energy required to melt it. An increase in the percentage crystallinity of the powder 

particles may prolong the heating stage as a result of the additional energy required to melt the 

polymer. The enthalpy value differed by 4.9J/g or 3.2 percent, between cooling at ambient 

conditions or in a pallet. An interesting observation from this graph is that the percentage 

crystallinity of the powders cooled in the fridge and particularly those cooled at ambient 

conditions showed little variation over the period.

Figure 4.35 The effect of different cooling methods on bulk density and dry flow - ME 8151.
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Time (Hours after Grinding)

Figure 4.36 The temperature profile of a stacked pallet of powder in 25kg PE bags after 

grinding - ME 8151.

Ambient Cooling 
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Figure 4.37 Effect of various cooling methods on the % crystallinity - ME 8151.
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Figure 4.38 Changes in powder quality over time - ME 8151.
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Figure 4 39 Changes in powder quality over time - NG 243 IE.

4.2.1.3 Simulated Heating and Cooling Rates

The aim of the simulated DSC tests was to establish whether or not any changes in the 

level of crystallinity occurred over a time period as a result of varying the heating and cooling 

rates of the samples, and to observe any correlation with the results from the cooling tests.

The effect on the percentage crystallinity of heating the samples to 75, 95 and 115°C 

and annealing them for 5 minutes is shown in Figure 4.40, 4.41 and 4.42, for cooling rates of 

0.5, 15 and 30°C/min, respectively. Overall, the crystallinity content was enhanced at the 

slower cooling rate of 0.5°C/min, particularly when the samples were heated to 115°. This 

resulted from the variations in the annealing times and the proximity of the heating 

temperature to the Tm of the polymer. At the slow cooling rates the samples were annealed for 

longer promoting a higher and more stable crystalline content. The 2 percent difference 

between the slow and fast cooling rates in Figure 4.37 was not achieved in the simulated tests 

due to the limitations of the equipment. The material held in the pallet cooled at approximately 

PC/hour compared with only 0.5°C/min for the DSC tests.

It is interesting to note that those samples cooled at 15 and 30°C/min and heated to 95 

and 105°C exhibited irregular behaviour over the first week after which they recovered to a 

constant value. However, the sample cooled at 30°C/min and heated to 115°C did not follow

the pattern. This change in the crystallinity content at the higher cooling rates over the initial
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period corresponds to the trends seen in Figure 4.37. The thermal history induced into each 

sample manifested itself over the first week. Those samples that were cooled slowest reached 

a higher state of equilibrium than those cooled quickly. The samples cooled quickly were in a 

non-equilibrium state and reacted by changing to a more stable state, reflected in the variation 

in the crystallinity content. The initial variations and a slight increase in the overall crystallinity 

over time typifies the physical aging process in semi-crystalline polymers.

Figure 4.40 Effect of the cooling rate on the % crystallinity in powder particles when cooled 

at 0.5°C/min.

Figure 4.41 Effect of the cooling rate on the % crystallinity in powder particles when cooled 

at 15°C/min.
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49.5 -y
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Figure 4.42 Effect of the cooling rate on the % crystallinity in powder particles when cooled 

at 30°C/min.

4.2.2 Analysis of the Grinder

This section is an introduction to the analysis of the horizontal mill and looks at the 

results obtained from tests carried out to investigate at the typical throughput rates under open 

and closed circuit grinding. Operating under both conditions provided detailed information on 

the interacting variables, including the rate of regrind, temperature, etc. The on-line 

instrumentation recording real time data allowed for the first time an insight into the process 

control of the grinding system.

4.2.2.1 Open Circuit Grinding

Initial trials were carried out on the grinder on the principle of open circuit grinding. 

Open circuit grinding is illustrated in Figure 4.43, where ‘G’ and ‘C’ represent the grinding 

head and the classifier, respectively. The feed stream introduced to the grinding head consisted 

entirely of pellets. The feed stream travelling from the grinding head to the classifier consisted 

of undersize and oversize particles, more commonly referred to as powder and regrind, 

respectively. The classifier separates these feed streams on the basis of particle size and each 

was collected and weighed separately, as they left the system.
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Pellets -*----  G
-► Powder

-► Regrind

Figure 4.43 Open circuit grinding

Figure 4.44 shows the outputs from a typical open circuit grinding test set at the 

maximum throughput conditions. This shows the total throughput of pellets calculated from 

the voltage to the feed auger. The total output is the sum of the powder and the regrind rates 

and is equal to the feed rate of pellets. The system stabilised quickly and thereafter, the 

powder and regrind rates were essentially constant.

During open circuit grinding the throughput was controlled only by the load on the 

motor and Figure 4.45 shows that the load remained fixed at 100% over the test run. The feed 

rate of pellets was limited by the maximum load on the motor and it was controlled at the 

maximum feed rate shown to utilise 100% load. Since there was no variation in the feed rate 

or in the load, the processing temperature was stable at 92°C after 25 minutes. The results 

reveal that the feed rate of pellets was limited only by the size of the motor for open circuit 

grinding. The processing temperature remained below the set temperature value for all open 

circuit tests and therefore, all the tests were controlled only by load.

Total Output 
Powder + Regrind

Feed rate of pellets.

Powder
w 200

Time (mins)

Figure 4.44 Typical throughput rates under open circuit grinding.
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Feed

Temperature at the grinding head
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Figure 4.45 Typical control responses of the grinder under open circuit grinding.

4.2.2.2 Closed Circuit Grinding

Closed circuit grinding is represented in Figure 4.46 and again, ‘G’ and ‘C’ represent 

the grinding head and the classifier, respectively. The regrind stream containing the oversize 

particles was returned to the grinding head to be reground and as a result of this stream, the 

total throughput is normally much higher than for open circuit grinding.

Pellets Powder

Figure 4.46 Closed circuit grinding

A typical closed circuit grinding test illustrating the real time control responses of the 

system, is shown in Figure 4.47. Over the course of the test the mill was controlled initially on 

load and then on temperature by responding to the rate of regrind and the actual processing 

temperature, respectively. This test was carried out under the same processing conditions as 

the test shown previously in Figure 4.44. During the test run, the system displayed the same 

behaviour as the vertical mill, in that the rate of regrind continued to rise over the initial period 

and then dropped off and eventually reached a steady rate. The powder output steadily 

increased and stabilised with the rate of regrind. There was a peak in the powder output that 

coincided with the peak in the rate of regrind. This was due to the increase in the total
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throughput rate, i.e. pellets and regrind. Analysis of the regrind stream later in Section 4.2.2.7 

relates the behaviour of the regrind and powder streams to the screening efficiency of the 

classifier.

The control of the feed rate of pellets with respect to the load and process temperature 

is shown for another closed circuit test in Figure 4.48. This was carried out under the same 

conditions as the test in Figure 4.45. It can be seen by comparing Figure 4.47 and 4.48 that 

the grinder was controlling on load over an initial period because the feed rate of pellets 

dropped due to the increase in the rate of regrind. This was evident from the load curve 

because as the rate of regrind increased, the load on the motor was held at the set value 

(100%). However, at point X on the graph the processing temperature exceeded the set 

temperature value and the grinder started to control on temperature The feed rate of pellets 

was reduced until the temperature dropped below the set value. After point X, the throughput 

from the grinder continued to be controlled by the processing temperature although the full 

capacity of the motor was not used. Increasing the throughput in this situation would depend 

on being able to reduce the processing temperature.

A number of important issues have been highlighted here. The behaviour of the system 

during closed circuit grinding has been shown to be extremely dependent on the processing 

temperature. The processing temperature was much lower for open circuit than closed circuit 

grinding by approximately 13°C. This is seen by comparing the processing temperatures in 

Figure 4.45 and Figure 4.48. Since both tests were carried out under the same processing 

conditions, the variation in the processing temperatures is attributed to different total 

throughput rates and the temperature of the regrind.

The difference in the throughput rates for both grinding circuits is shown in Figure 

4.49. The total throughput under closed circuit conditions is the sum of the pellets and regrind 

compared with only the pellets for open circuit grinding. The total throughput for closed
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circuit grinding is dependent on the rate of regrind and the size and temperature of the 

particles. The oversize particles are much easier to grind by virtue of their size, but it is their 

temperature that has the most effect on the throughput. The higher temperature of the 

particles raises the overall temperature of the grinding head and must be compensated for, by 

reducing the feed rate of pellets. Also, the rate of regrind has a big impact on the control of 

the grinder. The temperature of the system is greatly affected by the regrind material, and is 

therefore very sensitive to any fluctuations in the rate of regrind.

In each of the grinding circuits, the grinder controls both on the load and temperature 

by the feed rate of pellets. A comparison of the load curves for both circuits is shown in 

Figure 4.50. The load remains the same for both circuits until the point where the feed rate of 

pellets must be reduced in order to control the processing temperature for closed circuit 

grinding. Comparing the powder output rates between both circuits indicates that the rate was 

slightly higher for closed circuit yet the load requirements were much lower Therefore, the 

energy efficiency of the system relative to the throughput rate is much higher for closed circuit 

grinding. There was a difference of approximately 12 amps or 20% in the load requirements 

despite very similar powder output rates.

An interesting outcome from these results is the extent to which the throughput is 

limited by the rate of regrind, since the main effect of the regrind is the additional temperature 

rise it causes in the grinding head. Improvements in the throughput rate could be achieved by 

effectively reducing the temperature of the regrind. A recommendation at this point would be 

the positioning of controlled ambient air intake valve at a certain point along the particle air 

stream beyond the grinding head. Although in the conventional system, air is recycled back to 

the grinding head it only helps to reduce the temperature of the feed stream after it passes 

through the plates and does not aid in reducing the temperature of the regrind stream. The 

objective of drawing air into the feed stream would reduce the temperature of regrind before it
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returns to the grinding head. The downside would be the effect of this on powder quality, 

however a fine balance must exist between optimising throughput rates and meeting the 

demands for powder quality.

The throughput efficiency for the mill can be assessed by measuring the powder and 

regrind rates when the system has stabilised. The following equation can be used to determine 

the efficiency of the mill.

T =
R

(P + R)
*100 (4.1)

where R is the rate of regrind and P is the powder output . The efficiency ‘T’ is defined by the 

percentage of the total throughput determined by the rate of regrind. The value for ‘T’ gives a 

reliable indication of the extent to which the throughput efficiency may be improved given a 

certain set of processing conditions. A value of zero percent represents a system having no 

regrind and at 100% the entire feed stream is re-circulated.

The trends shown and discussed are typical of all the tests carried out. However, 

variations in the processing temperature, feed rates, powder and regrind rates were observed 

for different processing conditions. The effects of various processing conditions such as gap 

size, number of grinding teeth, etc., are covered in the following sections.

Controlling on TemperatureControlling on Loac

- Regrind

Pellet Feed

Powder

Time (mins)

Figure 4.47 Typical throughput rates under closed circuit grinding.
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Temperature at the grinding head
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Figure 4 48 Typical control responses of the grinder under closed circuit grinding.

Regrind -C.C.

Feed PeHets - O C.
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Figure 4.49 A comparison of throughputs for both grinding circuits.

Load O.C.

Load C.C.

Time (mins)

Figure 4.50 A comparison of the load for both grinding circuits.

4-122



Chapter 4 Results and Discussion

4.2.2.3 Constant Feed Rate

A number of tests discussed later in the chapter were carried out at a constant feed 

rate. A feed rate of approximately 165kg/hr was chosen after trials had revealed that at this 

feed rate the processing temperature approximated but did not exceed the maximum set 

temperature value. These tests were only controlled by load, and typical dry flow rates for the 

powders were ‘high’, in the region of 23 seconds. Tests carried out under these conditions 

gave a further insight into the process performance because the influence of different process 

conditions could be measured directly by the rate of regrind. At maximum throughput 

conditions, the grinder was controlled on temperature and since this will be shown to be 

influenced by ambient conditions, the powder output and rate of regrind vary accordingly. As 

a result, it was felt that where direct comparisons had to made, tests carried out in this manner 

would be more accurate, and it would also improve their repeatability.

Typical throughput traces obtained for a test run at a constant feed rate under closed 

circuit conditions is shown in Figure 4.51. At the beginning of the test run there was no 

regrind returning to the grinding head but this started to increase very soon thereafter, until it 

reached a maximum, after which point it began to fall and eventually levelled out. Each of 

these stages are represented both by the rate of regrind measured and on the load curve. The 

load on the motor increased by 19 %, from 37.2 to 44.4 amps, from the start of the test when 

there was no regrind until the point where the regrind rate had stabilised. The percentage 

increase in the load requirements varied slightly between tests depending on the rate of 

regrind. The graphs also show the relationship between the rate of regrind and the processing 

temperature. The rate of regrind dropped soon after the processing temperature reached the 

maximum set temperature.
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Figure 4.51 Behaviour of the process during closed circuit grinding at a constant feed rate.

4.2.1.4 Powder Quality

Operating the grinding system under normal closed circuit conditions involves re

circulating the regrind stream. This regnnd stream has been shown to have a detrimental effect 

on the throughput rate by raising the temperature of the grinding head and limiting the feed 

rate of pellets. The regrind stream is also considered to be of benefit to the process by raising 

the temperature and therefore improving the quality of the powder. This was analysed at 

maximum throughput conditions and at the constant feed rate used in the trials. The results 

presented here are typical of a large number of trials and are used to illustrate the effect of the 

regrind stream on powder quality.

4.2.2.4.1 Powder Quality at Maximum Throughput

The dry flow and bulk density properties were found to be similar from both circuits,

as illustrated in Figure 4.52. Trials 1 and 2 were conducted at the same processing 

temperatures using the 360 plate cut at an angle of 3.67° and at a gap setting of 0.3 and 

0.5mm, respectively. Those powders ground under closed circuit conditions were relatively 

better than for open circuit. The presence of the hot regrind stream and the overall increase in 

the throughput rate helps raise and maintain a higher particle temperature for longer which 

improves the quality of the powder.
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The particle size distribution of the powder produced by the two circuits, in Figure 

4.53 were relatively similar. However, it was observed that in general the powders produced 

during closed circuit grinding had a slightly higher percentage of finer particles than for open 

circuit. The difference is due to the higher throughput rate during closed circuit grinding and 

the increase in the percentage of near-mesh size particles in the regrind stream, as illustrated in 

Figure 4.54. Although the percentage of undersize particles in the regrind streams was similar 

at approximately 30% the main difference between the regrind produced by each circuit was in 

the range of near-mesh size, i.e. 500-600pm.

• 380

8 - — Dry Row - 1 
Dry Row - 2

‘ Bulk Density -1
- Bulk Density - 2

Open CircuitClosed Circuit

Figure 4.52 Difference in the dry flow and bulk density values between powder ground at 

open and closed circuit grinding.

Sieve Size (microns)

Figure 4.53 Difference in the particles size distribution of the powder between circuits.
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Figure 4.54 Difference in the size distribution of the regrind between circuits.

4.2.1.4.2 Powder Quality at Constant Feed Rate

The results obtained from tests carried out at a constant feed rate were similar but the

effects were more pronounced. The results presented are from trials on a 360 plate, cut at 

3.32° and at a gap setting of 0.3mm. The processing temperature was higher during closed 

circuit grinding due to the differences in the total throughput rates and therefore this had a 

dramatic influence on the powder quality, as shown in Figure 4.55. The dry flow rate 

improved by 8 seconds and the bulk density by 20% when the powder was ground during 

closed circuit grinding.

The powder particle size distributions were similar, as illustrated in Figure 4.56. 

However, the size distributions of the regrind material were found to be quite different 

between the circuits. The closed circuit oversize contained a higher percentage of undersize 

particles, approximately 16% compared to that found for open circuit grinding. The difference 

seen in the regrind stream indicates that the screening efficiency was reduced as the total feed 

was increased during closed circuit grinding.
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Figure 4.55 Difference in the powder quality characteristics between circuits.
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Figure 4.56 Difference in the particles size distribution of the powder between circuits.
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Figure 4.57 Difference in the size distribution of the regrind between circuits.
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4.2.2.S Temperature within the System

It has been shown that the entire grinding system must reach and maintain a certain 

processing temperature before it can operate efficiently. The time taken by the system to reach 

that temperature depends not only on the maximum values set by the controller, but also on 

the processing variables. Those variables are any that influence the processing temperature, 

such as the feed rate, gap size, etc. For example, a system operating with a small gap between 

the grinding plates will generate heat quicker than one having a wide gap.

The instrumentation on the grinder and the measurements of the each of the feed 

streams made it possible to appreciate fully the system as a whole. The previous two sections 

have outlined this for closed and open circuit grinding under maximum throughput conditions 

and at a constant feed rate. In addition to the temperature traces obtained for the different 

variables, it was possible to monitor the temperature rise in the grinder by the use of an infra

red camera. The test runs were carried out at maximum throughput conditions, similar to the 

test described in Figure 4.47.

4.2.2.5.1 Grinding Head

Images of the grinding head taken at five minute intervals during the test, are shown in 

Figure 4.58 (a) to (f). The images show the gradual increase in the temperature in and around 

the grinding head and how it remained unchanged after 25 minutes. The images highlight 

those areas that were the hottest, namely the grinding zone between the rotating and 

stationary grinding plate, and the section of the pipe leaving the grinding zone which the 

particle stream bombard as they are leave. Temperature measurements were taken from four 

specific points as shown in Figure 4.59, and these spot temperatures are plotted in Figure 

4.60, showing the increase in the temperature over the 40 minute period. The graph 

complements the images by showing that after 25 minutes the temperature is constant.
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(a) 5 mins

(b) 10 mins

(c)15 mins
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(d) 20 mins

(e) 25 mins

(f) 30 mins

Figure 4.58 Thermal images of the grinding head at intervals of 5 minutes.
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Figure 4.59 Thermal image of the grinding head showing the location of four spot 

temperatures.
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Figure 4.60 Increase in the temperature at the grinding head

4.2.2.5.2 Classifier

The gradual increase in the process temperature was also monitored for the classifier.

Thermal images of the classifier containing the four sieves over 45 minutes at intervals of 15

minutes are shown in Figure 4.61 (a) to (d). With the temperature range used here it was not

possible to see any increase in the temperature of the sieves for the first 15 minutes of the run.

The increase in the temperature of the powder can be observed by the rise in the temperature

of the sieves, particularly in the direction of the material flow. This also shows how the

temperature of the powder increases over the 45 minute period. The flow stream passed over

the sieves in those areas which appear hottest in the images. Again four spots were taken as
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shown in Figure 4.62 and plotted in Figure 4.63. The plot shows the time needed by the 

system to reach a stable temperature. The entire system beyond the grinding head is heated by 

the hot powder and air stream passing through it, whereas the heat generated in the grinding 

head is much greater as a result of the friction and the energy expended in grinding the 

material. The temperature rise in the classifier was therefore, much slower than at the grinding 

head. Also, as the regrind stream begins to build up it becomes hotter and this additional 

throughput helps to increase rapidly the temperature of the system.

These thermal images, coupled with the throughput analyses of the system show that a 

period of approximately 40 minutes is required before the system has stabilised (‘normal’ 

conditions 0.4 gap size, 360 teeth, max. throughput). During this period, the temperature at 

which the material is ground, and the temperature of the air stream within the system 

increases, resulting in an improvement in powder quality. This improvement in the quality is 

reflected by the increase in the screening efficiency of the material stream entering the sieves. 

Poor quality powder particles are returning to the grinding head with the oversize particles 

because of the presence of ‘tails’ which restrict them from entering the sieves. As the 

temperature of the system increases the rate of regrind drops. Screening efficiency is improved 

due to enhanced particle shape and less undersize material can be found in the regrind stream.

The results highlight the importance of understanding this stage in the grinding process 

for a number of reasons. It would be unwise to do quality checks on the powder produced 

during this period because the quality of the powder would not be as high as it would be when 

the system stabilised. Since neither the powder or the regrind rates have stabilised during this 

period, the decision to change any of the control settings would need to be taken with care 

during this period. For example, during this period the rate of regrind has a greater influence 

on the temperature of the process and the load on the motor than it would have later in the 

run.
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(a) 15 mins

(b) 25 mins

(c) 35 mins
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(d) 45 mins

Figure 4.61 Thermal images of the classifier.
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Figure 4.62 Thermal image of the classifier showing the location of four spot temperatures.
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Figure 4.63 Increase in the temperature of the classifier.
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4.2.2.S.3 Temperature Throughout the System

The temperature was measured throughout the system at different points as illustrated

previously in Figure 3.13. Figure 4.64 shows the temperature increase throughout the system 

during a test run and from the traces it can be observed that the temperature rise was slower 

the further the distance from the grinding head.

Figure 4.65 illustrates the effect of the air recycle pipe in drawing cooler air into the 

grinding head when the processing temperature had exceeded the set temperature value. 

Introducing the ambient air is shown to reduce the temperature of the grinding head and the 

air and particles stream beyond there. The ambient air temperature was measured at a point 

close to the machine and it can be seen that during the test there was an increase in the 

surrounding air temperature.

— 1 - Grinder
---- 2 - Exit lower
---- 3 - Exit upper
—4 - Cyclone
— 5 - Fan ent 

6 - Fan exit
— 7 - Recycle Lower
— 8 - Recycle Upper

35 40

Figure 4.64 Increase in the temperature of the grinding system at different locations.
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Figure 4.65 The effect of recycled air on cooling the grinding system.
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4.2.2.6 Temperature of the Grinding Head

Temperature traces obtained for open circuit grinding are shown in Figure 4.66. The 

thermocouple arrangement used is included on the graph. This graph is typical of the 

temperature profiles obtained from open circuit tests. The test runs compared here for open 

and closed circuits were carried out under the same processing conditions. It may be seen that 

the temperature at the entrance to the grinding zone was much lower than the temperature 

measured at the middle and at the outer diameter of the grinder zone. There was a small 

increase of approximately 2°C in the temperature from the middle to the outer diameter of the 

grinding zone.

Traces for closed circuit grinding are shown in Figure 4.67. There was a temperature 

difference of approximately 3°C between the inner diameter and the middle of the grinding 

zone and 4°C between there and the outer diameter of the zone. This temperature gradient can 

be attributed to the variation in the relative amounts of grinding occurring across the grinding 

zone. At the outer region the temperature is highest suggesting that more grinding occurs 

here. Reducing the gap between the plates would also generate higher temperatures in this 

area. The other influencing factor is the regrind material. The regrind is at a much higher 

temperature than the pellets and a certain percentage of it is reduced in size as it is reground. 

The graph shown here for closed circuit grinding was typical for all the tests carried out. 

However, the variation in the temperature difference in the grinding zone was found to vary 

according to the gap size and also therefore, the rate of regrind. Reducing the gap from 

0.8mm to 0.3mm resulted in reducing the temperature gradient significantly, as shown in 

Figure 4.68. Decreasing the gap size between the grinding plates increases the distance over 

which the pellets are ground, therefore reducing the temperature gradient across the grinding 

zone
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The difference in the temperature around the stationary plate was measured and typical 

traces are given in Figure 4.69. It was difficult to ascertain whether there was any real 

difference in the temperature at the three points. The temperatures measured by 

thermocouples 2 and 3 were almost the same, whereas thermocouple 4 gave a slightly lower 

value for the duration of the test. The temperature difference was approximately 3-4°C and 

was dependent on processing conditions. Care must be taken in interpreting these results 

because of the factors which were not so easily controlled. For example, the stationary 

grinding plate did not have a true flat surface and this led to difficulties in setting an accurate 

gap between the plates. Any variations in the gap could cause uneven distribution of grinding 

across the grinding zone and thus affecting the temperature at the various points. 

Nevertheless, the results show that there is no significant temperature variation around the 

zone

U 70

3 60

40
---- 2

Time (mins)

Figure 4.66 Temperatures along the tooth length for open circuit grinding.
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Figure 4.67 Temperatures along the tooth length for closed circuit grinding.

----2

Time (mins)

Figure 4.68 Temperatures along the tooth length for closed circuit grinding.
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Figure 4.69 Temperatures around the stationary plate during closed circuit grinding.
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4.2.2.7 Screening Efficiency

Analysis of the grinding system involved defining the efficiency of the process with the 

overall efficiency being defined in one of two ways - firstly in terms of powder quality, and 

secondly with respect to the throughput rate. The processing conditions necessary for the 

production of high quality rotational moulding powders has been discussed in previous 

sections. It emerged that processing temperature was essential to improving powder quality, 

and as a result, later sections will prove that it also plays an important role in optimising 

screening efficiency.

During closed circuit grinding the throughput rate was found to depend to a large 

extent on the rate of regrind material. The regrind stream included undersize particles, the 

percentage of which depended on a number of process variables. The presence of undersize 

particles increases the overall rate of regrind, and therefore the processing temperature, 

ultimately limiting the throughput rate.

There is some debate about the definition of screening efficiency since a standard 

method has not been established due to the range of size reduction techniques and materials. 

However, the ideal process for the size reduction of polyethylene would be one where all the 

material entering the classifier was of the desired particle size, leaving no material to be 

reground. Since this is not the case, the next best condition is one where 100% of the 

undersize passes through the screening unit leaving only true oversize material in the regrind 

stream. With respect to this size reduction process, the screening efficiency may be viewed 

from two standpoints:-

1. The percentage of undersize in the feed stream entering the screening unit which is 

collected in the undersize after screening. This is important from the point of maximising 

the throughput of powder particles and reducing the rate of regrind.
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2. The percentage of oversize in the feed entering the screening unit which is later found in 

the oversize from the unit. This is important because of the effect that the rate of regrind 

has on the processing temperature, and therefore the throughput rate.

A variety of methods for evaluating screen performance are given in the 

literature1'5,74 751. There are a number of equations that can be applied to the results from test 

sieves in order to calculate efficiency values. The choice of equation is dependent on the 

process and those variables affecting process efficiency. With respect to the grinding of 

polyethylene and the effects of the regrind stream, the system was assessed in two ways. 

Firstly, in terms of the recovery (P) of fines from the feed stream, i.e. the percentage of the 

total fines entering the classifier that actually pass through into the powder stream,

= *100 (4-2)c + a

where ‘c’ is the powder output rate, ‘a’ is the quantity of undersize in the regrind. The ‘P’ 

value indicates the potential for improving the throughput rate for any set of processing 

conditions. At 100% efficiency, all the particles below the screen mesh size have entered the 

powder stream.

The second method of assessing screen performance was in terms of the percentage of 

true oversize (O) material leaving the classifier, i.e. those particles greater than the screen 

mesh size,

b
O = -*100 (4-3)

a

where ‘b’ is the amount of true oversize material in the regrind steam and ‘d’ is the actual 

oversize. True oversize material describes those particles greater than the screen mesh size 

present in the regrind stream, whereas the actual oversize is the total regrind stream including 

the undersize particles. The ‘O’ value measures the efficiency of the process from the point of 

view of the regrind stream. As the percentage value increases, there is less undersize material
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present in the regrind stream, and at 100%, only oversize particles are present. Since the rate 

of regrind consists only of true oversize particles at 100% efficiency then the throughput rate 

is maximised for any set of processing conditions. These values give an immediate indication 

of the performance of the classifier and are easily obtained from a test sieve analysis of the 

regrind stream.

An equation from Taggart1731 was used to calculate the overall screening efficiency, as 

follows;

E = 100*
100(e - v) 
e(100-v)

(4-4)

where E is the efficiency, e is the percentage of undersize in the feed stream entering the 

classifier, and v is the percentage of undersize in the screen oversize.

The W.S. Tyler Company gives the following formula for screen efficiency1751;

100(5-0 
(r * s)

(4-5)

(100 *7?)-100(5-0E = ~-------- ——; 1-------^*100
{r * s) (4-6)

R is the percentage of fines recovered in screening, E is the percentage of fines recovered 

(powder) in screening, t is the percentage of oversize material in the feed entering the 

classifier, r is the percentage of fines in the feed entering the classifier and s is the percentage 

of true coarse in the regrind stream.

These efficiency measures relate specifically to the capability of the classifier in 

screening the undersize particles in the feed stream. This is of particular interest for this 

system since a decrease in the efficiency affects the total throughput rate. The efficiency of the 

screens was measured by the percentage of particles below the screen mesh size present in the 

regrind stream. A system operating at 100% efficiency would screen all those particles below 

the screen mesh size.
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The values obtained using Taggart and W.S. Tyler equations were found to very 

similar to each other and to the P value. Due to the typical high throughput rates, the amount 

of fine particles present in the regrind is normally quite small when expressed as a percentage 

of the total throughput. Although these values are important and useful they tend to give a 

false impression of the screening efficiency. It was felt that the O value was extremely 

important for this process since the rate of regrind has such a large effect on the processing 

temperature and throughput. Therefore, further references to screening efficiency are limited 

to P and O and W.S. Tyler.

There are a number of interacting factors influencing the efficiency of the screens. The 

processing temperature is crucial since it determines the quality of the powder particles and 

therefore, the ease with which they can pass through the screens. Samples taken from the 

regrind stream at different processing temperatures were analysed and the results are 

presented in Figure 4.70. The size distributions show that as the processing temperature 

increased and the system stabilised, the efficiency of the screening unit improved. Samples 

tested after 45 minutes had less undersize particles in the regrind stream compared to samples 

taken before then. Using the equations discussed above to quantify efficiency the values for P, 

O and E-(Taggart) and E-(W.S, Tyler) are given in Table 4.1. Evidently, the screening 

efficiency was much improved, when the system had stabilised. The values of P, and E- 

(Taggart) and E-(W.S. Tyler) increased from approximately 54 to 92 percent. The total 

percentage of fines passing through the sieves had increased and there were less undersize 

particles in the regrind stream. Despite this seemingly high screening efficiency the O value 

was relatively low at 79.8%. Therefore, over 20% of the regrind stream is undersize material 

which should have passed through the screen.

A following section (4.6.17.2) discusses the effect of static and will show that adding 

anti-static to the system had the immediate, but only temporary, effect of reducing the rate of
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regrind. Static also had an effect on the sieving analyses of the powder and regrind. The size 

distribution of the powder and regrind samples sieved with and without anti-static are shown 

in Figure 4.71 and Figure 4.72. This change in the distribution indicates that there was a 

certain amount of static present in the samples which influenced the shape of the particle size 

distribution obtained from the vibrating sieving unit. The percentage of particles that were 

near-mesh size, i.e. 500pm, dropped when sieved with an anti-static agent and the percentage 

of particles below 500pm, collected on the sieves increased. It is evident that the static was 

holding particles together and causing them to adhere to the wire meshes on each sieve and 

preventing them from passing to the next sieve.

Screening efficiency also depends on feed rate as discussed in Section 4.2.16.1,and is a 

factor that is almost unique to polyethylene. At low feed rates the processing temperature is 

low and therefore, the efficiency drops due to poor particle quality entering the classifier. The 

other aspect of the feed rate is that once it exceeds the capacity of the screening unit, the 

screens become blocked. It will also be shown later that as the amount of near-mesh size 

particles entering the classifier increased, the capacity of the screens was reduced.

-**-10 mins 
-•“15 mins 
“*“30 mins 

”*“45 mins

Sieve Size (microns)

Figure 4.70 Effect of temperature on screening efficiency.
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Time P O E -Taggart E -W.S. Tyler
(mins) (%) (%) (%) (%)

10 54.8 48.7 54.8 53.2
15 68.9 59 65.8 67.3
30 89 73.8 87.9 87.7
45 93.4 79.7 92.8 91.9

Table 4.1 Improvements in Screening Efficiency during a test run.

Sample sieved under 
normal conditions

5 30
Sample with Anti-etatic 
added before sieving

Sieve Size (microns)

Figure 4.71 Effect of adding anti-static during sieving on the particle size distribution of the 

powder.

Sample sieved under
normal conditions

Sample with Anti-static 
added before sieving
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_____________________________________ Sieve Size (microns)______________________________________

Figure 4.72 Effect of adding anti-static during sieving on the particle size distribution of the 

regrind.
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4.2.3 Gap Size

The effect on the throughput rates of the gap size between the grinding plates was 

investigated for closed and open circuit grinding. The results obtained for closed circuit are 

shown in Figure 4.73. The throughput rate was controlled by a set processing temperature 

value during these tests (100°C). As the gap size was increased, the rate of regrind and its 

temperature was seen to have a big influence on the processing temperature. As discussed in 

Section 4.1.1, opening the gap between the plates increased the average particle size. The 

effect on throughput of producing larger particles is seen here by an increase in the rate of 

regrind and a decrease in the powder output.

The powder output and regrind rates are compared for both circuits in Figure 4.74. A 

similar trend was found for open circuit grinding, in that the powder output dropped as the 

gap size was increased. Preventing the regrind stream from re-entering the grinding head 

during open circuit grinding reduced the powder output, although only slightly compared to 

closed circuit grinding. Despite the small differences in the powder output rates, over the 

range of gap sizes measured there was a substantial difference in the amounts of oversize 

material between the grinding circuits.

The total throughput rates for both circuits are presented in Figure 4.75 illustrating the 

difference in the regrind rates with increasing gap size. It must be pointed out here that the 

throughputs rates compared in these tests were obtained from tests carried out at maximum 

throughput conditions. Under open circuit grinding, the throughput was only limited by load 

compared with closed circuit grinding where it was controlled initially on load and then on 

temperature. Therefore, the throughput rates for both circuits were controlled differently.

Increasing the gap size was shown to have a huge effect on the total throughput rate, 

mostly as a consequence of the rate of regrind. It is important to be aware of how efficiently 

the classifier can screen different throughput rates, and whether or not the particles in the
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regrind stream are true oversize particles (>500(j.m). The size distributions of the particles 

present in the regrind stream are given in Figure 4.76 for the range of gap sizes used. The 

distributions indicate a drop in screening efficiency as the gap was increased. There was an 

increase from 21 to 33% in the amount of undersize particles (<500|j.m) at a gap of 0.3 and 

0.5mm, respectively. The percentage undersize was similar at 30% at a gap setting of 0.8mm. 

This drop in the screening efficiency is related to the total throughput rate. As the amount of 

material passing through the screens increases, the screening capacity of the classifier drops 

therefore the percentage of undersize present in the regrind stream will be greater

The throughput efficiency over the range of gap setting is shown in Figure 4.77. The 

drop in the efficiency marks the rise in the rate of regrind. It can be noted that the load 

requirements were reduced as the throughput of pellets decreased but that it started to rise 

again at the wider gap setting of 0.8. This rise was due to the increase in the total throughput 

and the larger regrind particles.

It will be shown later in the chapter that the throughput rate is highly dependent on the 

maximum processing temperature controlled by the set temperature value. For example, the 

throughput rate can be increased by raising the set temperature value. These tests were carried 

out at approximately the same processing temperatures and the throughput results are 

accurate for each set of test conditions. However, although the relative throughput values will 

change according to the set temperature values, ambient conditions, material grade, etc., the 

trends still apply.
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Regrind

Feed/powder

Gap Size (mm)

Figure 4.73 Effect of gap size on powder and regrind rates during closed circuit grinding.

Regrind CC

Regrind OC

Gap Size (mm)

Figure 4.74 Effect of gap size on powder and regrind rates on closed and open circuit 

grinding.

Total Throughput CC 
(Pellets + Regrind)

Total Throughput OC 
(Pellets)

Powder CC

Powder OC
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Figure 4.75 Difference in the throughput rates for closed and open circuit grinding.
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Figure 4.76 Effect of gap size on the size distribution of the regrind
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Figure 4 77 Effect of gap size on the load requirements of the mill motor and the throughput 

efficiency.

4.2.4 Screen Mesh Size

In addition to the 500pm (38 mesh) set of screens normally used, three other sets were 

used in the classifier. The screens were 308, 716 and 869pm or 62, 28 and 24 mesh, 

respectively.

The influence of mesh size on the throughput rate is shown in Figure 4.78 for closed 

circuit grinding. Each test was carried out under the same processing conditions. As the size 

of the screens was increased, under closed circuit conditions the powder output rose. The
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powder output increased because a higher percentage of the powder particles produced could 

pass through the screens. The rate of regrind decreased as the mesh size was increased.

Under open circuit conditions the same was true, i.e. the powder output increased 

whilst the rate of regrind decreased with increasing mesh size, as shown in Figure 4.79. 

However, the rate of regrind was much lower for open circuit grinding since it was not 

returned to the grinding head and allowed to accumulate. It was found that the grinder 

operates at the maximum throughput rate for normal conditions when there is no regrind being 

fed back into the grinding head, i.e. during open circuit grinding. Using larger mesh sizes, i.e. 

716 and 869pm the grinder was operating close to its maximum throughput rate. As the mesh 

size was increased the rate of regrind dropped dramatically, which has the effect of decreasing 

the processing temperature. As the rate of regrind began to build up using the 503 and 308pm 

sieves, the feed rate of pellets was reduced so as to maintain 100% load. Due to the higher 

temperature of the regrind, the other effect of this additional throughput was the increase in 

the processing temperature which became the dominant factor. The effect of the higher 

regrind rate was a reduction in the pellet feed rate and consequently, a reduced powder 

output.

The results highlight that the throughput rate from the grinder is restricted by the limit 

imposed by the screen mesh size. The particle size distribution of the powders that passed 

through each of the screens is shown in Figure 4.80. Figure 4.81 shows the size distributions 

of the particles in the regrind stream. The dry flow properties of the powders increased with 

the screen mesh size due to the higher percentage of large particles, as shown in Figure 4.82. 

However, the bulk density values were lower for the higher screen size. The fall in the bulk 

density values can be related to the poor packing efficiency of the large particles.
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Figure 4.78 Effect of screen size during closed circuit grinding.
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Figure 4.79 Effect of screen mesh size on the powder and regrind rates for closed and open 

circuit grinding.
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Figure 4.80 Effect of the screens in the classifier on the powder particle size distribution.
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Figure 4.81 Effect of the screens in the classifier on the size distribution of the regrind.
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Figure 4.82 Effect of particle size on dry flow and bulk density.

4.2.5 Number of Grinding Teeth

The effects of the number of grinding teeth on the throughput rates were compared for 

240, 360 and 480 teeth as shown in Figure 4.83. A comparison under closed circuit grinding 

was not possible because of the increased throughput from both the 240 and 480 sets of 

plates. The classifier was unable to screen the material efficiently and overflowed. Therefore, 

the results compared for the three sets in this section relate only to open circuit grinding and 

the tests were carried out under maximum throughput conditions.

It was found that the length of the grinding zone was different for each set of teeth. 

The length of the zones were 47.5, 60, and 54.5mm for the 240, 360 and the 480 sets of 

grinding plates. The variation in this overlapping section (R) between the stationary and
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rotating plates is shown in Figure 4.83 with the throughput rates. There appeared to be a 

correlation between this value and the throughput from each set of plates. The longer overlap 

between the plates, as in the case of the 360 set, reduced the total throughput, whereas the 

throughput was highest using the 240 set which had the smallest overlap. This argument is 

presented in another way in Figure 4.84 where the throughput values are plotted with respect 

to the length of the overlap. It may be seen that the total throughput fell as the length of the 

overlap increased. This was also the case for the regrind rate, although the powder output was 

similar for both the 360 and the 480 sets.

The variations in the powder, regrind and the total throughput rates, are shown in 

Figure 4.83 for each set of grinding teeth. It is evident that the throughput rates do not relate 

to the number of grinding teeth, since the highest throughput was achieved grinding with the 

240 set and the lowest with the 360 set. Also, the lowest rate of regrind was found using the 

360 set of grinding teeth. The effect of the number of teeth on the particles size distribution of 

the regrind stream is shown in Figure 4.85. The percentage of undersize particles (<500|a.m) 

was 27, 34 and 62 for the 240, 360 and 480 plates. Results presented later in the chapter will 

reveal that the screening efficiency was reduced for the 480 grinding teeth compared to the 

360 teeth and there was a higher percentage of undersize particles in the regrind stream. This 

helps to explain the apparent increase in the regrind from the 360 to 480 grinding teeth when 

the powder output rate were similar.

It was also discovered that the angles at which the three plates were cut varied slightly. 

The angles were 4.04°, 3.32°, and 3.4° for the 240, 360 and the 480 sets of grinding plates. 

This angle was later shown to have an effect on the efficiency of the process. It is evident that 

the results presented are affected by two variables, the number of grinding teeth and the length 

of the overlap between the two plates. It was difficult therefore to draw firm conclusions on 

the individual effects of these variables on the throughput rates.
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Figure 4.83 Effect of the number of grinding teeth and the length of the grinding zone on the 

throughput during open circuit grinding.
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Figure 4.84 Effect of the grinding tooth length on the throughput during open circuit 

grinding.
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Figure 4.85 Effect of the number of grinding teeth on the size distribution of the regrind 

during open circuit grinding.
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4.2.6 The Grinding Zone

A closer look was taken at the grinding zone before tests were carried out to quantify 

the effect of the length of the zone on throughput rates. Two sets of trials involved covering 

the stationary and rotating plates alternatively with blue marking ink before feeding pellets 

between the plates. Two different 360 rotating plates and the same stationary plate were used 

in the trials. The first trial used the 360 plate that had the grinding teeth cut at 3.67° and the 

second used a plate cut at 3.32°. It was hoped that this would help determine the path taken 

between the plates by the pellets, from when they entered until they exited at the periphery. 

Despite the pellets being fed between the plates from the same point it was not possible to 

readily trace their path. However, it was still possible to draw a number of conclusions.

The rotating plate (3.67°) was covered in blue ink for the first trial and the gap 

between the two grinding plate was set at 0.3mm. The blue ink was transferred from the 

rotating plate onto the stationary plate after grinding a small amount of pellets, as shown in 

Figure 4.86. The ink was observed over a section of the stationary plate, at approximately 

13mm along the length of the grinding zone. Figure 4.87 (a) shows the rotating plate used in 

the trial and the size and location of those pellets that remained in the grinding zone, after the 

mill was stopped The section from the rotating plate presented in Figure 4.87 (b) permits a 

closer look at those pellets. In the second trial, the stationary plate was covered in blue ink 

and the same result was obtained in that the ink was again transferred from it, by the pellets, 

onto the rotating plate (3.32°). As illustrated in Figure 4.88 the ink was transferred at a point 

along the grinding teeth that approximated to 12mm along the length of the grinding zone.

The grinding zone was divided into three main sections as illustrated in Figure 4.89. 

This was based on how the ink was transferred between plates and the size and shape of the 

pellets that were found across the grinding zone when the stationary plate was removed. The
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first section represents the initial area where no ink was transferred between the plates 

indicating that no grinding had taken place over this uncolored section of the grinding zone. 

This section served to introduce the pellets into section two and contributed little to the size 

reduction process. The centrifugal forces and the action of the rotating plate dragged the 

pellets further into the grinding zone. Section two marks the onset of grinding when the pellets 

come in contact with both grinding plates at which point they are gripped and rolled between 

the plates into the grooves between the teeth, an action that caused the heavy transfer of ink 

from one plate to the other. This was evident particularly from the stationary plate that had a 

dark edge at the start of section two, transferred by the pellets as they were rolled between the 

plates. After this point, the diameter of the pellet was continually reduced as shavings were 

removed from the surface of the pellet. It would appear that most of the grinding or size 

reduction of the pellets occurred in section 2 after the point where the pellets are gripped by 

the teeth The third section is that which remained towards the outer diameter and was left 

uncoloured. Since there was little obvious transfer of ink in this section it implies that either 

little grinding occurred in this section or that the pellets or particles being ground were not 

pushed or rolled between the teeth. Approximate values from the ink trials are given for the 

length of and depth at the entrance to each of sections from both plate sets in Table 4.2. 

However, as the dimensions of the grinding zone indicate, the narrowing gap in section three 

limits the size of pellets entering into this zone. It can be concluded from the photographs, and 

the gap setting between the plates, that section two contributed to the size reduction process 

by reducing the small remains of the pellets and the regrind particles.

Approximate values are given in Table 4.2 for the length of each section in the 

grinding zone as measured from the two trials. Evidently, the angle of the rotating plate had an 

influence since the length of section 1 and 2 was reduced for the 3.32° plate and section 3 was 

much longer. The angle of the plate determined the gap between the plates at any point and
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the values for the depth at the start of each zone is also given in Table 4.3. However, the value 

given does not include the gap setting between the plates or the depths of the grooves 

between the teeth. The values given represent the decreasing overall gap and therefore, the 

reduction in the diameter of the pellet.

The point on the plates where the transferred ink appeared is dependent on the gap 

size between the plates, the angle of the rotating plate and the shape and size of the pellets. 

Increasing the gap size moves section two further along the zone towards the outer diameter 

and decreasing the size of the pellets would have the same effect. The size distribution of 

pellets entering the mill will have an influence on section two as pellets of various sizes would 

be reduced over different parts of the grinding zone.

In the case where the pellets were fed between the plates at one point, the ink pattern 

was found over the entire surface of section two on the stationary plate and was very similar 

to that shown in Figure 4.88. The depth of the grinding zone at the entrance was greater than 

the pellet diameter preventing them from being drawn immediately into zone. Instead they 

tended to either bounce around or move with the rotating plate before being drawn further 

into the zone.

Figure 4.86 Transfer of ink onto the stationary grinding plate.
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(a) (b)

Figure 4. 87 Rotating grinding plate showing the gradual decrease in pellet size.

Figure 4.88 Transfer of ink onto the rotating grinding plate.

Feed Inlet

Figure 4.89 Illustrations of sections 1,2 and 3 across the grinding zone.
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Section
No.

Rot. Plate
(3.67 °)

Depth at 
entrance to

Section

Rot. Plate
(3.32 °)

Depth at 
entrance to

Section

1 13 mm 3.8 mm 12 mm 3.5 mm

2 23 mm 3.0 mm 19 mm 2.8 mm

3 24 mm 1.5 mm 31 mm 1.7 mm

Table 4.2 Approximate dimensions of sections across the 60mm grinding zone using plates

having 360 grinding teeth.

4.2.7 Pellet Size Reduction

There is no theory to explain the technique by which polyethylene pellets are reduced 

into particles of irregular shape having a range of sizes, between the grinding plates. From the 

viewpoint of the industry, an understanding of the way in which the pellets are ground would 

lead to improved control over throughput rates in terms of the effect of pellet size, shape, etc. 

The series of steps involved in the process of reducing the pellet size was observed by 

removing the stationary plate after grinding and noting the position, size and shape of pellets 

over the grinding zone. The mill speed was kept at a minimum of 2500rpm to ensure that 

pellets remained in the grinding zone when the mill was stopped.

The stages involved related well to the three general sections across the grinding zone 

as discussed previously in Section 4.2.6. The stages are illustrated in Figure 4.90 (a) to (f). 

The images of the pellets at the different stages are represented on the same scale, where each 

mark equates to 1mm. The first image (a), is of the original pellets before entering the grinding 

zone. When the pellets enter section one of the grinding zone (b), they are bounced between 

the teeth on each of the grinding plates causing the surface of the particles to become 

rounded. At some point the pellets are dragged into the gap between the stationary and 

rotating grinding plate and the effect of this is shown in (c) where the impressions of the 

grinding teeth can be seen on the surface of the pellets. These impressions were left on the 

pellets by the grooves between the grinding teeth as the pellets were dragged over the surface
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of the grinding teeth by the force of the rotating plate. The impressions result from the pellet 

being pressed and forced between the grooves in the teeth. At some point the direction of the 

pellet changed course since the overall spherical shape of the pellet remained intact and only 

the diameter decreased over the grinding zone. This represents the start of the first step in the 

grinding process and the next stage involved reducing the overall pellet diameter by removing 

shavings from the surface, as seen in images (d) and (e). The impressions applied to the 

surface of the pellets from the grinding teeth facilitated the easy removal of shavings from the 

surface of the pellet. The pellet was drawn further into the grinding zone due to the forces 

applied to it as the pellet diameter diminished. The pellets shown in image (f) were 

approximately 1mm in diameter and were the smallest reduced pellets found between the 

plates. Each pellet continues to be reduced in size until its size was such that it could escape 

from between the teeth

It must be noted that the original pellets were almost spherical in shape when they 

entered the grinding zone, and during grinding the pellets maintained their shape. The 

behaviour of other pellet sizes and shapes has yet to be explored but it is fair to say that these 

two variables will have an effect on the stages represented in Figure 4. The shape of the pellet 

entering the zone will determine its path and the efficiency with which it is reduced into 

particles, i.e., a cylindrical pellet will behave quite differently to a spherical pellet.
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4.2.8 Varying the Length of the Grinding Zone

The results from tests on the effect of the number of grinding teeth and the use of ink 

to analyse the grinding zone directed the research to take a closer look at the effect of the 

grinding zone on throughput rates. The length of the grinding teeth on the 360 and 480 

rotating plates were reduced in size so that the length of the grinding zone was the same for 

both sets of plates (51 5mm). These sets of plates were chosen because the angles of the plates 

were similar, i.e. 3.32° and 3.4° for the 360 and 480 plates, respectively. A comparison could 

then be made between the two sets on the basis that the effect of only one variable could be 

measured, i.e. the number of teeth.

4.2.8.1 360 Plate

The effect of reducing the grinding zone on the 360 set of grinding plates was a 

reduction in the rate of regrind material by approximately 45 percent during closed circuit 

grinding. The throughput rates are compared in Figure 4.91 for the set of grinding plates 

before and after the grinding zone was reduced in length. The results support the images in 

section 4.6.2 showing that grinding started at a certain point along the length of the grinding 

teeth. The results indicate that no grinding of any benefit to the throughput rate was carried 

out in this initial section of the grinding zone. In fact, decreasing the length of the grinding 

zone improved the efficiency of the process by reducing the rate of regrind. The drop in the 

regrind was difficult to explain because the size distributions for both the powder and regrind 

were very similar, as shown in Figure 4.92 and Figure 4.93, respectively. There was an 

increase of approximately 4% in the amount of undersize particles present in the regrind 

stream for the reduced plate.

The outputs from open circuit grinding were very similar, shown in Figure 4.94. 

Reducing the length of the grinding zone did not have the effect of reducing the rate of regrind

4- 162



Chapter 4 Results and Discussion

as seen during closed circuit grinding. The size distribution of the regrind produced during 

open circuit was also analysed in order to pick up any differences between the plates. As 

shown in Figure 4.95, the percentage of undersize material in the regrind stream was a little 

higher by approximately 6% for the regular plate compared with the reduced plate. The 

decrease in the percentage of undersize particles in the regrind for open circuit supports the 

difference albeit small seen for closed circuit grinding. A decrease in undersize material 

signifies an improvement in the screening efficiency due to a change in the particle size or 

shape from the reduced plate.

Screening efficiency values for P, O an E-W.S Tyler for both plates are given in Table 

4.6. The values for ‘P’ and ‘E’ indicate that the reduced plate increased the recovery of 

undersize particles from the feed stream, while the percentage of undersize particles present in 

the regrind stream given by ‘O’ was reduced overall. Reducing the grinding zone had a 

positive effect on the process efficiency under the set of conditions used in the tests. This 

screening efficiency is considerably better for open circuit than for closed circuit grinding 

where the percentage of undersize in the regrind was 32 and 58 5 percent, respectively. This 

was despite the differences in temperatures between the two circuits and therefore, the 

screening efficiency can be attributed to the increased feed rate and concentration of near

mesh size particles during closed circuit grinding.

It could be argued that the drop in the rate of regrind may be due to temperature 

differences. As expected, the temperature of the system with the reduced plate was slower to 

rise when compared with the regular plate, due the lower rate of regrind. There was no real 

difference in the temperatures between both plates during closed circuit grinding when the 

system had stabilised, as shown in Figure 4.96. However, the lower rate of regrind and total 

throughput from the reduced plate should have resulted in lowering the processing 

temperature. Since the temperatures were almost the same, it can be concluded that the
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operating temperature of the reduced plate was relatively higher compared to the regular 

plate. This is confirmed during open circuit grinding where the temperature of the reduced 

plate was approximately 9°C higher than for the regular plate. This temperature difference 

may explain the higher percentage of undersize particles present in the regrind stream for the 

regular plate compared to the reduced plate which was grinding at a higher temperature. A 

difference in the temperature of the two plate sets was not seen during closed circuit grinding 

because the lower rate of regrind from the reduced plate compensated for the higher operating 

temperature.

An argument supporting these results can be based on how the pellets entered the 

grinding zone between the plates. The original length of the grinding zone was 60mm before 

being reduced to 51.5mm. The trials on the plates in Section 4.62 found that section two of 

the grinding zone started at approximately 49mm, therefore the pellets entering the grinding 

zone were drawn almost immediately into section two on the reduced plate. The reduced plate 

differed from the regular plate in that the grinding teeth were removed over the initial section 

of the rotating plate leaving a smooth surface for the pellets to travel across. This therefore 

reduced the impact of the grinding teeth to the surface of the pellet in section one of the 

grinding zone. A longer overlap between the grinding plates increased the depth at the 

entrance to section one of the grinding zone. The immediate entrance to the grinding zone is 

not as hot as the succeeding sections where most of the grinding is thought to occur. Pellets 

entering zone one reside there for a certain time period before being dragged into section two. 

During this period the surface of the pellet is continually being impacted by the grinding teeth 

at high speeds causing the surface to become frayed and producing fine particles. This frayed 

surface may also give rise to poor quality particles later in section two because the surface of 

the pellet was not impacted or sheared at a sufficiently high temperature to optimise particle 

quality.
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The significant drop in the rate of regrind cannot be ignored and with the small 

variations observed in the distribution of regrind particles it must be concluded that the 

reduced plate caused a change in the size reduction process that improved the efficiency of the 

process.

Regrind - Regular

Powder - Reduced
Powder - Regular

Regrind - Reduced

Time (mins)

Figure 4.91 Effect of reducing the 360 grinding zone on the throughput rate during closed 

circuit grinding

360 Grinding Teeth - CC

Reduced Tooth Length - CC

Sieve Size (microns)

Figure 4.92 Effect of reducing the 360 grinding zone on the particle size distribution of the 

powder during closed circuit grinding.

4-165



Chapter 4 Results and Discussion

-+~ Reduced Plate

Regular Rate

Mesh Size (microns)

Figure 4.93 Effect of reducing the 360 grinding zone on the particle size distribution of the 

regrind during closed circuit grinding.
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Figure 4.94 Effect of reducing the 360 grinding tooth length on the throughput during open 

circuit grinding.

Powder - Regular Powder - Reduced

▼ ■ -
Regrind - Regular Regrlnd - Reduced

Regular Plate

Reduced Rate
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Sieve Size (microns)

Figure 4.95 Effect of reducing the 360 grinding zone on the particle size distribution of the 

regrind during open circuit grinding.
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Grinding P O E -W.S. Tyler
Plate (%) (%) (%)

360 - Regular 65.7 41.5 63.8
360 - Reduced 74.6 43.9 72.6

Table 4.3 Effect of the grinding zone on screening efficiency measures using 360 plates.

L) 70

Closed Circuit-
Regular Plate

h- 40 Closed Circuit- 
Reduced Plate

— Regular Plate

Reduced Plate

Figure 4.96 Difference in the processing temperatures between the 360 regular and the 

reduced plate.

4.2.S.2 480 Plate

The effect of reducing the grinding zone from 60 to 51.5mm on the 480 plate was an 

increase in the rate of regrind by approximately 27%, as shown in Figure 4.97. The size 

distribution of the powders were very similar, as shown in Figure 4.98. The increase in the 

regrind rate can be attributed to the reduction in the screening efficiency between the two feed 

streams. From the size distributions of the regrind stream, in Figure 4.99 it can be noted that 

the overall percentage of undersize material in the regrind was extremely high at 65 and 71% 

for the regular and reduced plates, respectively. There was an increase of 6% in the undersize 

particles in the regrind stream when the grinding zone was reduced in length This higher 

percentage is due to the smaller particle size produced by the increase in the number of teeth 

and therefore, the difficulty in screening a feed stream containing a high percentage of near

mesh size particles.
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The throughput rates varied during open circuit grinding and the rate of regrind was 

approximately 20kg/hr higher for the reduced plate, as shown in Figure 4.100. The feed rate 

was constant and therefore, the powder output was 20kg/hr lower for the reduced plate. The 

drop in the powder output is explained in Figure 4.101 where an increase in the percentage of 

undersize particles in the regrind stream can be observed for the reduced plate.

The temperature rose quicker during closed circuit grinding with the reduced plate 

because of the increased rate of regrind. Both temperatures were almost the same when the 

system had stabilised. The temperature was only slightly higher, by approximately 2-3°C for 

the regular plate during open circuit grinding, as shown in Figure 4.102. Since there was no 

significant difference in the processing temperature the variations in the rates of regrind in this 

situation is due to the screening efficiency. The percentage of undersize material present in the 

regrind stream was relatively high compared to that produced by the 360 plates at the same 

feed rates confirming the effect of particle size in the feed stream on the ability of the classifier 

to screen the particles efficiently.

Screening efficiency values for P, O an E-W.S Tyler for both plates are given in Table 

4.4. The values for ‘P’ and ‘E’ indicate that the reduced plate decreased the percentage 

recovery of undersize particles from the feed stream, while the percentage of the undersize 

particles present in the regrind stream rose, given by ‘O’. Compared with the 360 plate set the 

opposite effect was found in that reducing the grinding zone had a negative effect on the 

process efficiency under the set of conditions used in the tests.
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Powder - Regular
Powder - Reduced Length

4L Regnnd - Reduced Length 
................. -,>•

Regrind - Regular

Figure 4.97 Effect of reducing the 480 grinding zone on the throughput during closed circuit 

grinding.

“♦“Regular Rate

Reduced Rate

300
Sieve Size (microns)

Figure 4.98 Effect of reducing the 480 grinding zone on the particle size distribution of the 

powder during closed circuit grinding.

Regular Plate

Reduced Rate

Sieve Size (microns)

Figure 4.99 Effect of reducing the 480 grinding zone on the particle size distribution of the 

regrind during closed circuit grinding.
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140

120

Powder - Regular

Powder - Reduced Length

^ _ Regrind - Reduced Lygth

Regrind - Regular ______ _

80 85
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Figure 4.100 Effect of reducing the 480 grinding zone on the throughput during open circuit 

grinding.

-♦-Regular Rate

Reduced Plate

Sieve Size (microns)

Figure 4.101 Effect of reducing the 480 grinding zone on the particle size distribution of the 

regrind during open circuit grinding.

Closed Circuit- 
Reduced Plate Open Circuit- 

Reduced Plate

— Regular Plate
Regular Plate Open Circuit- 

Regular PlateReduced Plate

Time (mins)

Figure 4.102 Difference in the processing temperatures between the 480 regular and the 

reduced plate.
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Grinding P O E -W.S. Tyler
Plate (%) (%) (%)

480 - Regular 71.44 34.7 69.1
480 - Reduced 63.7 29.3 61.2

Table 4.4 Effect of tooth length on the 480 plates on screening efficiency measures.

4.2.8.3 Effect of Number of Teeth in the Grinding Zone

The effect of the number of grinding teeth on the rate of regrind is illustrated in 

Figure 4.103 for 360 and 480 grinding teeth. The rate of regrind increased by 47% and 33% 

for the 480 plate when the grinding zones were equal in length, during open and closed circuit 

grinding, respectively. Figure 4.104 compares the size distribution of the regrind produced by 

both plates during closed circuit grinding for the same length of grinding zone. From this it 

can be observed that the 480 plate had a higher percentage of undersize material in the regrind 

stream. The rise in the rate of regrind for an increase in the number of teeth can be attributed, 

not to an increase in the amount of true oversize particles (>500p.m), but to an increase in the 

amount of undersize particles (<500p.m) in the regrind. Ideally the regrind rate should have 

dropped had the efficiency of the screens been such that only true oversize particles entered 

the regrind stream. However, in a real situation the throughput efficiency of the process during 

closed circuit conditions dropped by 6.5% as the number of grinding teeth increased.

There was a processing temperature difference of 10°C between the 360 and 480 

sets of plates due to the number of teeth involved in the size reduction process. The 

percentage load required by the mill motor went from 64% for the 360 set to 59% for the 480 

plates, a drop of 7% in the energy need to grind at the constant throughput rate of 165kg/hr. 

In light of the temperature and load variations the 480 plate would be expected to have a 

much higher throughput rate than the 360. This was shown previously in Figure 4.99 when the 

480 teeth had a 17% higher throughput rate. An increase in the number of cutting teeth 

reduces the depth by which the rotating plate can force the pellets into the grooves between
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the teeth and therefore the pellets are less restrictive. Also, the greater the number of teeth, the 

more particles can be removed from the pellet. With the 480 plate, the particles removed are 

much smaller and so less energy is required in shearing the pellet surface.

It is possible that an optimum grinding zone exists for any set of processing 

conditions, and is dependent on such variables as pellet size, number of grinding teeth, gap 

size, etc. However, although the optimum may be attained, other overriding factors such as 

screening efficiency are essential to maximising the throughput rates. These results have 

shown there is scope for improved throughput efficiency for both plate sets on this system by 

increasing the screening efficiency. The percentage undersize in the regrind is also a good 

indication of the limits imposed by the rate of regrind on the throughput rate.

360 Teeth - Closed Circuit
140 - 480 Teeth - Closed Circuit

120 -

100 -

480 Teeth - Open Circj

360 Teeth - Open Circuit

Grinding Zone (mm)

Figure 4.103 Comparison of the throughput rates from the 360 and the 480 plate sets for 

different lengths of grinding zone.

“*"480 - Reduced Plate

360 - Reduced Plate

Sieve Size (microns)

Figure 4.104 Effect of the number of teeth on the particle size of the regrind.
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4.2.S.4 Longer Stationary Teeth

The effect of the grinding zone on throughput was explored further by using a 

stationary plate with longer teeth compared to the normal plate. The length of the grinding 

zone was increased from 60 to 66mm. This was found to have a small influence on the 

throughput rates as shown in Figure 4.105 during closed circuit grinding. There was no 

notable difference between the size distributions of the powder and regrind streams as 

illustrated in Figure 4.106 and Figure 4.107. Extending the length of the grinding zone only 

increases section one but does not aid the size reduction process.

The regrind rate rose and the powder output dropped for the longer grinding zone 

during open circuit grinding. The increase in the regrind seen in Figure 4.108 is explained by 

the higher percentage of fine particles in the regrind stream in Figure 4 109. The processing 

temperature was higher by approximately 7°C for the longer tooth plate as illustrated in Figure 

1.110 during closed circuit grinding. The difference was also seen during open circuit grinding 

were it was in region of 8°C. The larger difference in the processing temperature makes it 

difficult to compare directly the output. The higher temperature during closed circuit grinding 

would have helped to reduce the overall rate of regrind for the longer zone whereas in a 

maximum throughput situation, the throughput efficiency of the process would be reduced. 

This is confirmed for open circuit grinding where a decrease in the screening efficiency was 

observed for the plate with the longer teeth. The higher temperatures can be attributed to the 

effect of the length of the grinding zone and the increased distance and time spent between the 

plates causing an increase in the temperature of the pellets and the grinding plates.
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Regrind - Longer Teeth

Regrind - Regular

Powder - Longer Teeth

Powder - Regular

Time (mins)

Figure 4 .105 Effect of a longer grinding zone on the throughput during closed circuit grinding.

Longer Teeth on Stationary Plate 

Regular Stationary Hate

Sieve Size (microns)

Figure 4 106 Effect of a longer grinding zone on the particle size distribution of the powder

o> 20

Longer Teeth on Stationary Hate

Regular Stationary Hate

Sieve Size (microns)

Figure 4 .107 Effect of a longer grinding zone on the size distribution of the regrind during 

closed circuit grinding.
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Ponder -.Regular

[owder - Longer Teeth

Regrind - Longer Teeth

Rogrind - Regular

Time (mins)

Figure 4.108 Effect of a longer grinding zone on the throughput during open circuit grinding.

long-oc-anti

Sieve Size (microns)

Figure 4.109 Effect of a longer grinding zone on the size distribution of the regrind during 

open circuit grinding.

— Regular Teeth

— Longer Teeth

Time (mins)

Figure 4.110 Difference in the processing temperatures between regular and longer toothed 

stationary plate.
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The grinding teeth on the rotating plate are cut at an angle relative to the base of the 

plate as illustrated previously in Figure 3.17, and is typically in the region of 4°. The effect of 

altering this angle was measured by trials carried out at a constant feed rate. Three 360 

rotating plates cut at angles of 3.32°, 3.67° and 4.07° were tested with the same stationary 

plate.

The throughput results in Figure 4.111 indicates that the rate of regrind was lowest for 

the 3.67° plate at 147kg/hr. The rate of regrind increased by 36% for the 3.32° plate and by 

80% for the largest angle of 4.07°. This trend was repeated for the regrind rates from open 

circuit grinding as illustrated in Figure 4.112, and also shows that the powder output was 

higher for the 3.67° plate followed by the 3.32° and the 4.07° plates. The temperature 

readings from the three plates revealed no difference between the 3.67° and the 4.07° plates 

but the 3.32° plate was approximately 3°C higher. The temperature traces are presented in 

Figure 4.113 and the small temperature difference is due to the increase in the length of the 

grinding zone for the 3.32° plate. There were small variations in the temperatures during open 

circuit conditions and the 4.07° was found to be the lowest.

Analysis of the powder and the regrind streams showed that the variations in the 

regrind rate were related to the different distributions of particle sizes produced by each of the 

plate sets. Figure 4.114 illustrates the particle size distribution from each of the regrind 

streams for closed circuit grinding. The 4.07° plate had a greater percentage of larger particles 

compared to the other two plates that had very similar distributions. The powder size 

distributions in Figure 4.115 show that the 3.67° had the smallest average particle size 

followed by 3.32° and the 4.07° had the largest particle size.

At the angle of 3.67°, the plates produced a size range of particles that gave the lowest 

rate of regrind which is indicative of a high throughput efficiency. The smaller angle of 3.32°
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produced a higher percentage of undersize particles with the result that it reduced the 

screening efficiency of the classifier. This was shown for the 3.32° plate by the higher rate of 

regrind, despite the similarity in the size distribution in the regrind particles. On the other hand 

the 4.07° plate increased the rate of regrind by producing larger particles. This is confirmed in 

Figure 4.116 by the size distribution of the particles in the regrind stream during open circuit 

grinding. The 3.32° plate had a highest percentage of undersize particles and the 4.07° had the 

highest percentage of oversize particles.

These results indicate that an optimum tooth angle exists for the rotating plate for the 

system in use, with respect to the capacity of the classifier and the efficiency of screening, as 

summarised in Figure 4.117. The throughput efficiency, T, is shown to be considerably better 

for the 3.67° plate The screening efficiency measures are presented in Table 4.6 indicating 

that the 3.67° plate had the best overall efficiency, given by P and E, and the 4.07° plate had 

the highest percentage of actual to true oversize particles in the regrind stream. The 

percentage load requirements for the three plate sets are given in Table 4.7 and indicate that 

during open circuit the load decreases as the angle increases. The values obtained for closed 

circuit grinding show that the 3.67° plate had lower load requirements, followed by the 4.07° 

plate. The 3.32° plate had the highest load requirement. The 3.32° plate had the longest 

grinding zone therefore increasing the grinding area and the energy required.

In conclusion, the 3.32° plate produced a higher percentage of undersize particles. 

This had a detrimental effect on the rate of regrind by reducing the efficiency of the classifier, 

whereas the 4.07° increased the rate of regrind by presenting the classifier with a larger 

average particle size. It is important to be aware of this effect since small changes in the angle 

of the teeth will influence process control settings due to the differences in the rates of regrind.

4- 177



Chapter 4 Results and Discussion
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3.32° - Regrind
3.67° - Regrind

3.32° - Powder
4.07° - Powder
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Time (mins)

Figure 4.111 Effect of a rotating plate angle on the throughput rate during closed circuit 

grinding.

3.67° - Powder

31320 - Powder

4.07° - Powder

4.07° - Peg rind

3.67° - Regrind
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Figure 4.112 Effect of a rotating plate angle on the throughput rate during open circuit 

grinding.
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----4.07'
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Figure 4 .113 Effect of the rotating tooth angle on the processing temperature.
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Avg.
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Figure 4 .114 Effect of the rotating tooth angle on the particle size distribution of the powder 

during closed circuit grinding.
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Figure 4.115 Effect of the rotating tooth angle on the particle size distribution of the regrind 

during closed circuit grinding.

3.32° Rotating
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Figure 4 .116 Effect of the rotating tooth angle on the particle size distribution of the regrind 

during open circuit grinding.
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Figure 4.117 Comparison of the throughput rates for different rotating plate angles.

Angle of P O E -W.S. Tyler
Rotating Plate (%) (%) (%)

3.32° 58.3 41.11 56.5
3.67° 65.7 41.5 63.8
4.07° 61.5 60.9 59.8

Table 4.6 Effect of rotating tooth angle on screening efficiency measures.

Angle of Rotating 
Plate

% Load
Open Circuit

% Load
Closed Circuit

3.32° 64.7 74.4
3.67° 63.8 71.3
4.07° 62.2 73.8

Table 4.7 Effect of rotating tooth angle on load requirements.
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4.2.10 Angle of Teeth on Rotating Grinding Teeth

The grinding teeth are normally arranged radially on the surface of both the stationary 

and rotating plates. Rotating plates having 360 grinding teeth cut at forward and backward 

angles of 6.7° and 13° were compared with regular 360 plates from the viewpoint of their 

potential to improve throughput rates. The angle of the teeth in the forward direction 

increases the residence time of the material between the plates. Also, the angle of the teeth 

results in a different cutting action between the stationary and the rotating teeth where the 

teeth pass each other in a scissor manner as opposed to the normal parallel action. The 

toothed section of the rotating plates were cut at angles of 4.4° and 4.55° and were compared 

with the regular plate cut at 4.07°. It must be stated that it not known what effect the variation 

in the angles of the rotating plates had on the throughput rates.

4.2.10.1 Forward Angle Grinding Teeth

The throughput rates for the three plates sets are presented in Figure 4.118. An 

increase in the rate of regrind can be observed as the angle of the rotating plate was increased 

from 0° to 13°. There was an increase of 16% in the rate of regrind between the regular plate 

and the 6.7°, and 37.9% between the regular and the 13°. An increase in the angle of the 

rotating plate is seen to reduce the throughput efficiency of the process. However, the powder 

size distributions of the powders in Figure 4 .119 show that the regular plate produced powder 

having a higher percentage of larger particles. Analysis of the regrind stream presented in 

Figure 4.120 revealed the reason for this, the action of the forward angle plates had increased 

the percentage of undersize particles in the regrind stream compared to the regular plate. 

Although the efficiency of the process was seen to drop, the factor causing that drop was the 

increase in the percentage of near-mesh particles in the feed stream entering the classifier.

4-181



Chapter 4 Results and Discussion

Improving the screening efficiency would reverse these results effectively raising the 

throughput rate as the angle of the grinding teeth increased.

The system was operated under open circuit conditions to clarify the results, and the 

powder and regrind rates are presented in Figure 4.121. The results indicate a rise in the 

powder output from the regular plate to the 6.7° plate followed by a drop as the angle was 

further increased to 13°. A corresponding trend was seen for the rate of regrind. As the 

forward angle was increased, the regrind stream was found to contain an increasing 

percentage of undersize particles. This was caused by the drop in the screening efficiency as 

confirmed in Figure 4.122 which shows the difference in the size distribution of the regrind 

streams Both forward angle plates had a higher percentage of fines particles compared with 

the regular plate and they also had less larger particles. The forward angles produced a greater 

percentage of undersize material which, compared to the regular plate, resulted in increasing 

the rate of regrind when the undersize particles failed to pass through the sieves in the 

classifier.

There was no significant difference in the processing temperatures for the three plate 

sets during closed circuit grinding, as shown in Figure 4.123. The temperature of the 13° plate 

was 2°C higher than that for the other two plates. However, variations in the rates of regrind 

may have disguised any real temperature differences. During open circuit grinding the 

processing temperature was observed to increase by a maximum of 2°C between the regular 

plate and the 6.7° plate and by a further 2°C to the 13° plate. The temperature variations albeit 

small, indicate that an increase in the forward angle raises the temperature in the system.
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Figure 4.118 Effect of forward angles on the output rates of powder and regrind compared to 

a regular 360 impeller during closed circuit grinding.
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Figure 4 .119 Effect of forward tooth angles on the powder particle size distribution compared 

to a regular 360.
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Figure 4.120 Effect of forward tooth angles on the size distribution of regrind during closed 

circuit grinding.
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Figure 4 .121 Effect of forward tooth angles on the output rates of powder and regrind 

compared to a regular 360 impeller during open circuit grinding
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Figure 4.122 Effect of forward tooth angles on the size distribution of regrind during open 

circuit grinding.
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Figure 4.123 Effect of forward tooth angles on the processing temperature during closed 

circuit grinding.
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4.2.10.2 Back Angle Grinding Teeth

The results from trials on the forward angle grinding teeth indicated that their effect 

was an overall decrease in the particle size of the feed stream and it was decided to establish 

if the effect was reversed by the use of back angle teeth. The plates used had back angles of 

6.7 and 13° and the angles at which the teeth were cut were 4.36 and 4.4°, respectively.

The throughput rates for the three plate sets are presented in Figure 4.124. There was 

an increase in the rate of regrind of 40% and 64% between the regular plate and the 6.7°and 

13° back angle plates, respectively. It is also apparent that as back angle increased so too did 

the maximum rate of regrind and the time required by the regrind stream to reach equilibrium. 

Increasing the back angle produced larger particles causing a rise in the rate of regrind. This is 

illustrated in Figure 4.125 where the higher percentage of larger particles can be observed in 

the particle size distributions of the regrind. There was also a visible difference in the size of 

the particles in the regrind stream. Those produced with the 13° and 6.7° plates were much 

coarser than with the regular plates.

Tests under open circuit conditions gave similar results in that the rates of regrind 

were higher as the back angle was increased, as illustrated in Figure 4.126. The size 

distributions of the regrind streams showed a higher percentage of larger particles for the back 

angle plates compared to the regular plate. As shown in Figure 4.127, the back angle 

increased the percentage of particles greater than 700pm.

An increase in the processing temperature was found with the back angled plates, as 

shown in Figure 4.128. It can be concluded the increase in the rate of regrind and the higher 

percentage of larger particles present in the regrind stream caused the rise in the processing 

temperature. Also, these factors contributed to the higher percentage load on the motor for 

the back angled plates.
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Figure 4 .124 Comparison of back angles on the throughput rate during closed circuit grinding.
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Figure 4.125 Effect of back angle teeth on the size distribution of the regrind during closed 

circuit grinding.
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Figure 4.126 Comparison of back angle teeth on the throughput rate during open circuit 

grinding.
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Figure 4.127 Effect of back angle teeth on the size distribution of the regrind during open 

circuit grinding.

— Regular Plate
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Figure 4 .128 Effect of back angle teeth on the processing temperature during closed circuit 

grinding.

4.2.10.3 Comparison of the Grinding Tooth Angles

The grinding tooth angle has been shown to have a large influence on the throughput 

efficiency of the process by dictating the rate of regrind. In light of this, the results for the 

forward, normal and backward angled plates are presented in this section together to illustrate 

the significance of the tooth angle on the grinding process.

The effect of the particle size in the regrind stream on the rate of regrind is 

demonstrated in Figure 4.129. The rate of regrind during closed circuit grinding reaches a 

minimum value for the regular rotating plate and increases above that value for both the
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forward and backward angles. The percentage undersize particles (<500|j.m) and those greater

than 710pm found in the regrind stream are plotted on the graph and help to explain the 

variation in the rate of regrind. The percentage of particles over 710pm was higher for the 

back angle plates, therefore these plates produced larger particles, increasing the rate of 

regrind. On the other hand for the forward angle plates, the rise in the rate of regrind was due 

to the higher percentage of undersize particles in the feed stream. The throughput rates for 

closed and open circuit grinding are compared in Figure 4.130 for the five plate sets. The 

powder and regrind rates measured during open circuit grinding are considered to reflect the 

size distribution of particles in the feed stream. The powder output continued to fall between 

the regular plate and the back angle plates whereas it was higher for the 6.1° forward plate 

and dropped off at the 13° plate. The fall in the powder output at the 13° is due to the increase 

in the percentage of near-mesh size particles entering the classifier in the feed stream. The 

result is a drop in the amount of true undersize particles passing through the screen.

Evidently, an optimum particles size range exists for a grinding system and the effect 

on the throughput rate is highly dependent on the screening efficiency. The effect of the plates 

on screening efficiency is quantified in Table 4 8. The values P, E and O are highest for the 

regular plate but are lower for the forward angle plates compared to the back angle plates. It 

is important to understand the reason for the changes in the efficiency values as there may be 

more than one explanation. The apparent decrease in the efficiency of the process for the 

forward and back angle plates results from two entirely opposite effects, i.e. the grinding of 

fine and coarse particles, respectively.

The throughput efficiency as expressed by ‘T’ is given in Table 4.9 with the percentage 

load during open and closed circuit grinding. The efficiency was higher for the regular plate 

due lower rate of regrind and in comparison the back angle plate had a higher efficiency value 

than for the forward angle plates for the 6.7° and 13° angles. The percentage load for open
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circuit grinding reduced for both the 13° forward and back angle plates. The load 

requirements during closed circuit grinding can be related to the variations in the rates of 

regrind and the relative size of the regrind particles. The load was marginally higher for the 

back angle plates due to the larger regrind particles.

The tests were all conducted at a constant feed rate, however the result would still 

apply to the system if it was operating at the maximum throughput rate and controlling on 

temperature. The regrind would then have a greater influence on the throughput rate due to 

the effect of the rate of regrind and its temperature on the processing temperature. These 

results can be used to improve throughput rates since effective screening of the feed streams, 

by minimising the percentage of true oversize particles in the regrind stream produced by the 

forward angle plates, would increase the total throughput.

: 350

-*■-% Particles < 500 pm 

-**-% Particles > 710 pm 

Regrind Closed Circuit

200 -o

13° BA 6.7° BA
Angle of Grinding Teeth on the Rotating Plate

Figure 4 .129 Effect of regrind particle size on the rate of regrind during closed circuit 

grinding.
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Figure 4.130 Effect of plate angles on throughput.

Time P O E -W.S. Tyler
(mins) (%) (%) (%)

13° Back Angle 55.5 59.6 53.9
6.7° Back Angle 60.3 61.2 58.7

0° Regular 61.4 60.9 59.8
6.7° Forward Angle 50.3 47 48.7
13° Forward Angle 44.7 44.1 43.2

Table 4.8 Effect of grinding tooth angle on efficiency measures.

Time
(mins)

T - % Throughput 
Efficiency

% Load
Open Circuit

% Load
Closed Circuit

13° Back Angle 33.5 59.1 75.1
6.7° Back Angle 37 62.7 76.3

0° Regular 45 62.7 73.6
6.7° Forward Angle 34.8 62.5 74.5
13° Forward Angle 31 60.61 74.3

Table 4.9 Effect of grinding tooth angle on throughput efficiency and percentage load.
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4.2.11 Vented Plates

The objective in grinding polyethylene is to operate the mill as near as possible to the 

melting temperature of the material to maximise both powder quality and throughput. When 

the mill is controlling on temperature, the throughput rate can only be increased by raising the 

set temperature value. The processing temperature limit is defined by the material properties 

and the throughput rate can only be increased beyond this point by the use of an effective 

cooling method. On the mill used in this research, cooling is dependent on the temperature of 

the ambient air dragged between the grinding plates and in the air recycle pipe. Some of the 

factors influencing the cooling effect between the plates are the gap size, number of teeth 

(tooth depth) and the feed rate, etc. The aim is to reduce the temperature of the plates and 

prevent melt-down, by maximising the surface area of the grinding plate exposed to the air 

passing through with the feed stream.

Vented plates were used to improve cooling between the grinding plates by the use of 

channels on the surface of the rotating plates. The purpose of these channels was to increase 

the amount of air passing between the plates and the surface area exposed for cooling.

4.2.11.1 Type A

The vented plate (type A) had eight radially arranged channels on the rotating plate, 

approximately 3 mm deep and 10mm in width, with grinding teeth cut into the face of each 

channel. The grinding teeth were cut at 3.98° and the throughput rates were compared with 

the regular plate having teeth cut at 4.07°.

The plate was originally set at a gap size of 0.3 mm, however the throughput rate 

exceeded the capacity of the classifier and it became blocked. The test was repeated at a gap 

size of 0.1mm and the throughput rates at a constant feed rate are presented in Figure 4.131 

and compared with those from a regular plate set a gap size of 0.3mm. The rates of regrind
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were comparable at the two different gap sizes. Since the total throughputs were almost equal

the load requirements and the processing temperature were very similar. The size distribution 

of the particles in the regrind stream in Figure 4.132 illustrate that the vented plate produced a 

similar particle size range at a gap of 0.1mm in comparison with the regular plate at a gap of 

0.3mm, although a higher percentage of larger particles was present in the regrind from the 

vented plate. Overall the channels on the vented plate increased the rate of regrind by allowing 

larger particles to escape from between the plates. The powder from the vented plate had a 

higher percentage of finer particles that can be seen from the particles size distributions in 

Figure 4.133. The fact that the processing temperatures were similar at the two gap sizes 

proves that the channels were effective in cooling the grinding plates. However any benefit to 

be gained by improved cooling due to the channels is offset by the increase in the rate of 

regrind.

Regrind - Regular Plate

Powder -

Powder - Type A

Time (mins)

Figure 4 131 Effect of the vented plate on the throughput rates for closed circuit grinding.
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Figure 4.132 Comparison of the regrind size distribution between a regular 360.

Vented (gap 0.1mm)

Regular 360 (gap 0.3mm)

Sieve Size (microns)

Figure 4 133 Comparison of the regrind size distribution between a regular 360.

4.2.11.2 Type B

The vented plate (type B) had eight channels on the surface, each of which was cut at 

a back angle of 45° and the depth and width of each was graduated from 3mm in depth and 

5.5mm in width from the inner diameter to zero at the outer diameter of the cutting teeth. The 

plate was cut at 4.44° and tested at the normal gap of 0.3mm and the throughput rates are 

compared with those from a rotating plate cut at 4.07° in Figure 4.134. The back angle and 

the different dimensions of the channels reduced the rate of regrind compared to type A at a 

gap of 0.3 where the total throughput rate exceeded the capacity of the classifier. The 

difference of 0.37° in the angle of the two plates compared in Figure 4.134 must also be 

considered since a certain percentage of the regrind can be attributed to the larger angle of the
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grinding teeth. The rate of regrind from type B was considerably higher than for the regular 

plate, by approximately 140kg/hr.

Analysis of the particles size distribution of the regrind stream revealed that the regrind 

from the vented plate contained a higher percentage of undersize particles, as shown in Figure 

4.135. The increase in the undersize particles is due to the higher throughput rate for the 

vented plate that caused a drop in the screening efficiency of the classifier. This is quantified in 

Table 4.10 where it is shown that the overall efficiency (P & E) of the process was reduced by 

the channels on the rotating plate, and the percentage of true oversize (O) in the regrind 

stream was lower compared to the regular plate. There was an increase of approximately 2% 

in the load requirements for the vented plate due to the higher rate of regrind compared with 

the regular plate.

Despite the variation in the total throughput rates for the two plates, there was no 

apparent difference in the processing temperatures, as shown in Figure 4.136. It can be 

concluded that the channels improved the cooling between the plates and under maximum 

throughput conditions the total throughput would be increased. Also, improvements in 

screening efficiency would reduce the rate of regrind from the vented plate resulting in a 

further increase in the total throughput.

Regrind - Vent B

Regrind - Regular Plate

Powder - Regular Plate
150 - -

Powder - Vent B

Time (mins)

Figure 4 .134 Effect of vented plate - type B on the throughput rate during closed circuit 

grinding.

4- 194



Chapter 4 Results and Discussion

“•“4.07° Rotating Plate

Sieve Size (microns)

Figure 4 135 Effect of vented plate - type B on the size distribution of the regrind produced 

during closed circuit grinding.

Grinding Plate P O E -W.S. Tyler
(%) (%) (%)

Type B (4.44°) 43.6 46.9 42.2
Regular (4.07°) 61.5 60.9 59.8

Table 4.10 Effect of vented plate - type B on screening efficiency measures.

— Regular Plate

— Type B

Time (mins)

Figure 4 .136 Effect of vented plate - type B on the processing temperature.
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4.2.12 Effect of Pellet Size

The objective of this test series was to determine if the size of the pellets had any effect 

on the throughput and on the processing temperature. These tests were carried using the 

regular 360 set of grinding plates (3.32°) and at a gap setting of 0.3mm.

During closed circuit conditions, the feed rate and the powder output rose as the pellet 

size was decreased, as shown in Figure 4.137. The load was held constant at 80% allowing the 

feed rate to increase due to a drop in the load requirements when the smaller pellets were 

ground. Decreasing the pellet size from 4mm down to 2.4mm gave approximately a 8.5% 

increase in the powder output and there was only a small difference of 1.7% in the output 

rates going from the 2.4 to the 1.7mm pellets. The effect shown is reinforced by the sudden 

drop in the feed rate and the powder output rate as the 4mm pellets were fed into the grinder 

again at the end of the test run. The increase in the feed rate of the 2.4mm and 1.7mm pellets 

resulted from a drop in the load requirements compared to the 4mm pellets and may be 

attributed to one of two factors. Firstly, less energy may have been required to grind the 

smaller pellets and/or secondly, the rate of regrind may have dropped.

The influence of pellet size on processing temperature is clearly shown in Figure 4.138 

for closed circuit grinding. The temperature traces shown here were all from within the 

grinding head. The first was taken from the thermocouple located beside the controlling 

thermocouple and the other three were located on the stationary grinding plate along the 

grinding tooth from the inside to the outside diameter, as illustrated on the graph. Decreasing 

the pellet size was accompanied by an overall drop in the processing temperature from which 

it can be concluded that smaller pellets require less energy to grind both in terms of the heat 

generated and the load requirements on the mill motor. The drop in the temperature was 

greater at the inner diameter and middle section of the grinding zone, indicating that as the
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pellet size decreased, the pellets were ground further along the grinding zone towards the

outer diameter. It is interesting to note that there was little difference in the temperature 

measured by thermocouples 3 and 4 for the 4mm pellets and as the pellet size was decreased 

the temperature difference was exaggerated. This drop in the temperature would also result in 

an increase in the throughput if the grinder had been operating at maximum throughput 

conditions. Normally under such conditions the throughput from the grinder would be limited 

by the processing temperature. Therefore, any effective means by which to reduce this 

temperature would be followed by an increase in the throughput.

This was further explored during open circuit grinding The powder and regrind rates 

with the total throughput, are shown in Figure 4.139. Again the load was held constant so that 

any reduction in the load requirements would be obvious from an increase in the feed rate. As 

shown the total throughput rose only slightly when the two smaller pellet sizes were 

introduced. The powder output rose sharply when the 2.4mm pellet was introduced after the 

4mm pellet. This increase in the powder output was accompanied by a drop in the rate of 

regrind However, the powder output began to fall and the regrind rose when the 1 7mm pellet 

was introduced. The dry flow and bulk density values will explain whether the increase in the 

rate of regrind was due to poor quality powder. The temperature traces taken from the same 

four locations as explained above for closed circuit grinding, are shown in Figure 4.140 for 

open circuit grinding. The pattern for the four traces was similar to that during closed grinding 

in that the temperature was reduced at the different points as the smaller pellets were 

introduced. A temperature variation was noted between the middle and outer section of the 

grinding zone for the smaller pellets and this was due to the smaller pellet being ground further 

along the grinding zone compared to the 4mm pellet.

The pellet size had a large influence on the path taken by the pellets once they entered 

the grinding zone. Examining Figure 4.140 shows that there was only a 2°C difference
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between the temperatures at the middle and the outer region of the grinding zone when the

4mm pellets were being ground. When the 2.4mm pellet entered the temperature dropped by 

5°C at the middle section of the grinding zone and the temperature at the outer section 

remained constant. There was a further drop of 8°C when the 1.5mm was ground at the 

middle section and a drop of 4°C was observed at the outer section of the grinding zone. This 

temperature drop suggests that the pellets travelled further into the grinding zone before being 

ground, due to their size. The drop in the regrind rate for the 2.4mm pellet supports the results 

in Section 4.2.4, where it was shown that very little grinding if any occurred in the initial zone 

which had been removed. These 2.4mm pellets were too small for any real grinding to have 

occurred after the entrance to the grinding zone Therefore, this points in the direction of a 

relationship between the length of the grinding zone and the pellet size with the rate of regrind 

and powder output.

The difference in the powder outputs from all three pellet sizes under open and closed 

circuit grinding and the rate of regrind for open circuit grinding is shown in Figure 4.141. 

These results suggest that there is perhaps an optimum pellet size for the processing 

conditions used here, i.e. the length and number of grinding teeth. An optimum pellet size is 

considered here as one that yields the minimum rate of regrind since a low rate of regrind 

reduces the processing temperature allowing the feed rate of pellets to be increased when 

operating at the maximum throughput rate.
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Figure 4.137 The effect of varying the pellet size on throughput, during closed circuit

grinding.
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Figure 4.138 Effect of pellet size on the processing temperature during closed circuit 

grinding.
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Figure 4.139 The effect of varying the pellet size on throughput, during open circuit 

grinding.
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Figure 4.140 Effect of pellet size on the processing temperature during open circuit grinding.

Powder - Open Circuit 
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Regrind - Open Circuit
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Pellet Size

Figure 4.141 Effect of pellet size on powder output during closed and open circuit grinding.

4.2.13 Combining the Pellet and Regrind Feed Streams

The regrind has been shown to affect the throughput from the grinder in a number of 

ways. Firstly, a certain percentage of the total power is consumed in reducing the regrind 

material. Secondly, under maximum throughput conditions, the temperature of the regrind 

increases the temperature of the grinding head and effectively reduces the maximum 

throughput. Thirdly, fluctuations in the rate of regrind are common and these can lead to 

problems in controlling the grinder. In light of this, it was decided that there may be 

advantages adding the regrind material to the pellet hopper.
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A test was carried out at the maximum feed rate until the system had stabilised before 

the regrind was added to pellet hopper, as shown in Figure 4.142. Since the grinder was 

operated at the maximum throughput rate, it was controlling on temperature. As the regrind 

and the pellets were fed into the grinding head together, the load on the motor increased due 

to the higher feed rate. The feed rate shown in the graph is that of pellets and the regrind and 

is not an accurate measurement of the total throughput. The powder output increased by 

approximately 13% during this period, as shown in Figure 4.143. The increase in the powder 

output was due to the rise in the feed rate shown by the increase in the load requirements on 

the motor. Although the amount of material passing through the grinding head increased, there 

was little or no change in the processing temperature. Figure 4.144 shows that the increased 

feed rate had little effect on the temperature recordings from thermocouples at three locations 

around the system.

A test was carried out at constant load conditions in order to determine if combining 

the regrind and pellets streams had any effect on the processing temperature. The load was 

held constant at 80% and the effect of this on the powder output is shown in Figure 4.145. 

During this period the feed rate was increased in order to maintain the constant load. The 

effect of poor mixing is again evident by the variation in the feed rate in response to 

controlling at a constant load. Flowever, during this period the maximum throughput may 

have been limited by the auger feeder that was operating at its maximum speed. There was an 

initial drop in the powder output when the combined feed was introduced after which it 

increased again, as shown in Figure 4.146. The powder output increased by approximately 7% 

when the feeds were combined.

The processing temperature dropped initially because only pellets were fed into the 

grinding head while the regrind was being added to the hopper (measured by the 

thermocouple located next to the controlling thermocouple), as illustrated in Figure 4.147.
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Once the combined feed entered the grinding head, the processing temperature slowly

increased before reaching a stable operating temperature. Although the feed rate increased 

over the period when the feed streams were combined the processing temperature remained 

the same. This may have been due to the drop in the overall temperature of the feed stream as 

the ‘hot’ regrind was mixed with the ‘cold’ pellets. Within the system there is an inherent 

amount of static which appeared to cause the oversize particles to cling to the pellets as they 

were fed into the grinding head. Also, the regrind and the pellets are normally introduced 

separately and only come together at the entrance to the grinding head, and therefore little 

mixing of the streams occurs prior to entering the grinding head. The additional mixing may 

mean that the path taken by the oversize particles is different and more effective in terms of 

the rate of grinding. The size distribution of the regrind stream are presented in Figure 4.148 

both before and during the period when the feed streams were combined. Combining the feeds 

reduced the percentage of undersize particles in the regrind stream contributing to the reduced 

rate of regrind.

Adding the regrind to the cold pellets and operating at a constant load increased the 

throughput while the processing temperature remained unaffected. The benefit of this would 

be achieved during maximum throughput conditions when the grinder controls on 

temperature. This was demonstrated previously in Figure 4.143 when the feed rate was 

controlled on temperature and allowed to increase as the temperature of feed stream reduced 

the temperature of the grinding head.

There were some practical problems in carrying out these tests. For example, the feed 

hopper was small making it difficult to get a homogenous mix of the regrind and the pellets. 

The poor mixing resulted in the irregular feed and load curves, as shown in Figure 4.142 and 

Figure 4.146. This was caused by sudden high concentrations of either pellets or regrind in
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the feed stream entering the grinding head. The hopper was not only too small to get proper 

mixing, but it also limited the cooling rate of the regrind material.

Combining the regrind and pellets into one feed stream requires an effective storage 

and mixing method. A larger feed hopper would be needed for mixing and allowing sufficient 

heat transfer between the regrind and the pellets. The regrind could be supplied directly into 

the feed hopper or stored in an additional hopper and introduced at a controlled rate to the 

feed hopper. Such an approach would help to improve the control of the grinder by 

eliminating any fluctuations in the rate of regrind. Unlike under normal conditions, the feed 

rate of regrind could be manipulated to suit different circumstances. Most importantly, 

however, the drop in the temperature of the regrind would increase the throughput rate.

Regrind and pellets fed

, Load350 -

300 -

- 250

Feed Rate

Time (mins)

Figure 4.142 Effect of combining the feeds on the load on the motor.

Regrind and pellets fed 
from hopper

Powder

0 10 20 30 40 50 60 70 80 90 100 110 120

Time (mins)

Figure 4.143 Effect of combining the feeds on the powder output rate.
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Figure 4.144 Effect of combining the feeds on the temperatures.
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Figure 4.145 Effect of combining the feeds on the powder output rate.
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Figure 4.146 Effect of combining the feeds on the feed rate and load.
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Figure 4.147 Effect of combining the feeds on the processing temperature.
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Figure 4.148 Effect of combining the feeds on the particles size distribution of the regrind.

4.2.14 Feeding Pellets through the System

The typical pellet path was interrupted and diverted into the feed stream exiting the 

grinding head. The pellets then travelled through the system, i.e. cyclone and classifier, before 

entering the grinding head. The aim of this was to reduce the temperature of the regrind by 

adding the cold pellets to the feed stream whilst causing an increase in the temperature of the 

pellets. However, controlling the system was a problem because of the response delay to any 

changes in the feed rate. Also, the flow rate of the feed stream entering the grinding head was 

uneven and caused sudden spikes in the load requirements that effected the feed rate of 

pellets. Overall the problem was the introduction of the time delay in the control system that 

made the process unstable.
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The properties of the polyethylene pellets ground have two main influences on the 

system. Firstly they determine the energy required to grind them and secondly, they set the 

temperature control limits. As with most polymers, the temperature of the material before 

processing influences the system control settings. With respect to polyethylene above its glass 

transition temperature, the energy required to deform it is reduced considerably as the 

temperature of the material approaches its melting temperature. As a result, ambient storage 

conditions have an effect on the mechanical properties of the material and consequently alter 

the grinding processing conditions. The effect of two extreme conditions are investigated 

whereby heated and cooled material were ground and their effects measured.

4.2.15.1 Grinding Heated Material

The effect of heating pellets to 100°C prior to grinding was investigated. Grinding 

tests which were carried out at the maximum throughput rate resulted in melt down. The 

heated material dramatically reduced the load requirements allowing the feed rate to rise and 

thereby quickly increasing the processing temperature. The control set-up on the grinder was 

unable to respond quickly to the rise in temperature and reduce the feed rate and therefore, 

further tests were carried out a constant feed rate of approximately 165kg/hr.

The effect of adding heated pellets during a test run on the load is shown in Figure 

4.149 for open circuit grinding. The load decreased by approximately 6.5 amps, when the hot 

pellets were ground. A similar result was found for closed circuit, as shown in Figure 4.150. In 

this case the load was reduced by 9 amps. However, in both cases there was a small increase 

in the processing temperature when the heated pellets were ground. The change in the dry 

flow and bulk density properties of powder samples ground from cold pellets are shown in 

Figure 4.151. Those powders ground from heated pellets had improved properties due to the 

increase in the temperature of the pellet and therefore the prolonged annealing time.
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The additional cost in employing an energy source for heating pellets prior to grinding 

would make grinding uneconomical. However, it is quite possible to use successfully the 

recycled air within the system to heat the pellets. The air stream flowing through the filter was 

directed into a pallet of pellets and Figure 4.152 shows that this is indeed a viable way of pre

heating the pellets. Despite the reasonably low temperature of the recycled air used to heat the 

pellets there was an increase of approximately 4% in the feed rate of pellets under open circuit 

conditions.

Temperature at the Grinding Head

>.5% = 38-34 amps

Feed Rate of Pellets

Heated Pellets - 100°C

Time (mins)

Figure 4 .149 The effect of grinding heated pellets on load during open circuit grinding.

Temperature at the Grinding Head

75-60% = 45-36 amps

- — — _ — — — — — — - — — — — — — — — — — — — — —— — — — — — — — 50®
Heated Pellets - 100°C

Time (mins)

Figure 4.150 The effect of grinding heated pellets during closed circuit grinding.
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Figure 4 151 Effect of grinding heated pellets on powder properties.
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Figure 4.152 Effect of heating pellets from recycled air on the feed rate at a constant load.

4.2.15.2 Grinding Cooled Material

Pellets cooled using liquid nitrogen were ground in order to compare the results with 

those described in the previous section which looked at the effect of grinding hot pellets. 

Figure 4.153 shows the results of grinding cooled material under open circuit conditions. 

Initially, the feed rate was set at its maximum level and then reduced to 165kg/hr. Although 

the material was cooled, the temperature of the grinding plates continued to rise during the 

test. The temperature of the surrounding air and grinding plates prevented the embrittlement 

of the pellets and instead they were impacted and sheared. Since the load was held constant, 

the initial drop in the feed rate suggests that the pellets became more difficult to grind as the
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temperature of the plates increased. The rise in the temperature of the plates in turn increased 

the temperature of the pellets entering between the plates, therefore they were ground above 

their glass transition temperature. In the case of cryogenic grinding, the system is enclosed and 

cooled with liquid nitrogen and the material embrittles because it is below its Tg. As the 

temperature of the material rises above its Tg, the energy required to grind it also increases. 

The load requirements at the constant feed rate of 165kg/hr was 85.5% compared with 63.8% 

for material at ambient temperatures, a difference of 13 amps due to the temperature of the 

material. The importance of processing temperature in defining powder quality is reinforced in 

Figure 4.154. Despite the very low temperature of the pellets, the powder quality improves as 

the temperature of the plates and the air increased.

The influence of the pellet temperature on the load is shown in Figure 4.155 when the 

feed rate was held constant. This suggests that ambient storage conditions affects the load on 

the motor and ultimately the processing temperature of the grinder. Cooler pellets will require 

more energy to grind and therefore they will generate more heat. The temperature of the 

pellets will also effect the feed rate, as shown in Figure 4 156, for a test carried out at the 

maximum throughput rate. Increasing the temperature of the pellets reduces the mechanical 

properties of the polymer and therefore, the energy required to grind it. This work shows that 

the temperature of the material is one of the factors influencing the processing temperature. 

There is an optimum pellet temperature on the basis of maximising throughput for ambient 

grinding.

The effect of temperature on the impact strength of ME 8152 is shown in Figure 

4.157. There was an almost linear drop in the impact strength of the material as the 

temperature was increased. This supports the above discussion in that as the temperature of 

the grinding plates increases, less energy is required to grind the pellets. Also, the higher 

temperature of the regrind material makes it easier to grind than if it were entering the

grinding zone at ambient temperature.
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Figure 4.153 Effect of cooling pellets on the feed rate and processing temperature.
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Figure 4.154 Effect of processing temperature on the properties of powder ground from 

cooled pellets (open circuit).

Temperature of Pellets °C

Figure 4.155 Effect of pellet temperature on the load requirements during open circuit 

grinding.
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Temperature of Pellets °C

Figure 4.156 Effect of pellet temperature on feed rate during open circuit grinding.

o 2.5

Temperature °C

Figure 4.157 Effect of temperature on the impact strength of ME 8152.

4.2.15.3 Adding Water Mist

The main control factors in the grinding process are the processing temperature and 

the temperature limits as defined by the material properties. In the situation where the 

throughput is controlled at the maximum processing temperature, an increase in the 

throughput rate can only be achieved by cooling the system. The effect of adding a water mist 

to the feed stream as it enters the grinding head is demonstrated in Figure 4.158. The mill was 

operated under closed circuit conditions and the feed rate was controlled by the processing 

temperature. Once the system had stabilised (after one hour) the water mist was added 

resulting in a 8% increase in the feed rate of pellets with no change detected in the processing

temperature. Although this was an effective method of cooling the grinding head, and
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increasing the throughput, care would need to be taken. Adding water to the system could

present problems for the classifier and the structure of the system if moisture was allowed to 

build-up.

The consequence of cooling the feed stream with a water mist was a drop in the dry 

flow and bulk density values of the powder, as shown in Figure 4.159. The water reduces the 

temperature of the regrind material entering the grinding head and it also undergoes a phase 

change between the plates helping to reduce the temperature of the particle stream leaving the 

grinding head. It was shown in section 4.2.1.2 that cooling the material immediately after 

grinding had a detrimental effect on powder quality compared with having cooled the powder 

at a slow rate.

Water Mist 
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Controlling 
on Load
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on Temperature

Temperature
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Feed (pellets)

Time (mins)

Figure 4.158 Effect of adding a water mist on the throughput rate.
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Figure 4.159 Effect of adding a water mist on the throughput rate.

4-212



4.2.16 Process Temperature Control

Chapter 4 Results and Discussion

Processing temperature is extremely important for the production of high quality 

powders and for the efficient operation of the grinding system. There are a number of factors 

which greatly influence the processing temperature and efficiency, including:

- Feed Rate

- Ambient Temperature

- Recycled Air Temperature

- Static

The effects of these factors are shown in the following sections.

4.2.16.1 Feed Rate

The feed rate was varied under open and closed circuit grinding conditions to illustrate 

the importance of the processing temperature on the rate of regrind The increase in the 

powder output with increased feed rate is shown in Figure 4 160 for open circuit. As the feed 

rate was increased so too did the processing temperature. It is this increase in the temperature 

that explains the reduction in the rate of regrind as the feed rate was increased. Increasing the 

temperature improved the quality of the powder and the screening efficiency of the classifier. 

Due to the poor quality powder at the lower feed rates, the regrind stream contained a higher 

percentage of undersize particles, as shown in Figure 4.161. As the temperature increased, the 

particles had less ‘tails’ and they could, therefore, pass through the screens with less difficulty. 

The percentage of undersize was 38% at the lowest feed rate after which it dropped to 29%. 

However, the percentage increased again to 35% at the higher feed rate, since the rate of 

regrind was approximately the same

The same result was also found during closed circuit grinding. Increasing the feed rate 

increased the powder output, as illustrated in Figure 4.162. Closed circuit grinding operates at 

a higher temperature compared to open circuit grinding for the same processing conditions, 

due to the temperature of the regrind material. The effect of operating at a higher throughput
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is shown in Figure 4.163 where the benefit of higher processing temperatures is again seen by

the reduction in the rate of regrind. Analysis of the regrind stream revealed that the percentage 

of undersize particles was dramatically reduced at the higher temperatures

This work highlights the importance of operating at high processing temperatures. A 

rise in temperature can be achieved by increasing the feed rate and has the effect of improving 

the powder quality and process efficiency by reducing the rate of regrind. It must be added 

that it is not known what effect, if any, static had on the powder and regrind rates at different 

feed rates during these tests.

Processing Temperature
- 100

a 125 ^

Feed Rate-Pellets (kg/hr)

Figure 4.160 Effect of processing temperature on powder and regrind rates for open circuit

grinding.

248 kg/hr

Sieve Size (microns)

Figure 4.161 Effect of processing temperature on the size distribution of regrind rates for 

open circuit grinding.
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Figure 4.162 Effect of processing temperature on powder and regrind rates for closed circuit 

grinding.
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Figure 4.163 Effect of processing temperature on the size distribution of the regrind for closed 

circuit grinding.

4.2.16.2 Ambient Air Temperature

It has been demonstrated that temperature has a dramatic effect on the throughput 

from the grinder. A high throughput rate can only be maintained by continuously cooling the 

grinder head and in this case by ambient air The temperature of the ambient air being drawn 

into the grinding head will obviously determine the extent of cooling and therefore, the 

throughput rate. This is a problem encountered in any process which relies on ambient air as 

the cooling medium. Ambient grinding suffers from this problem and the throughput rates can 

vary particularly between winter and summer seasons. Low ambient temperatures increase the
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throughput rate since the colder air improves the rate of cooling, and vice versa. During these

tests the valve on the air recycle pipe was open to permit the drawing in of cool ambient air.

The effect of ambient temperature on throughput was seen when the grinder was 

operated under the same closed circuit processing conditions but at different ambient 

temperatures. Figure 4.164 shows the difference in the powder and regrind output rates for 

three tests. Temperatures taken from a number of locations within the grinding system are 

shown in Figure 4.165. The influence of ambient temperatures on the throughput is clearly 

shown. In all three tests the material was very close to melting, i.e. the particles were 

beginning to adhere to each other. At the low ambient temperature (test 1) the throughput was 

higher than for the other two tests at higher ambient temperatures. The temperature of the air 

being drawn into the grinding head with the feed of pellets and regrind and that drawn in on 

the air recycle pipe during test 1 was much lower than for the other two tests. This is shown 

by the temperature readings taken at the relevant points. The difference in the ambient 

temperature is supported by the drop in the temperature of the air leaving the fan and that of 

the recycled air entering the grinding head. For test 1 the temperature of the air entering the 

grinding head via the air recycle pipe was much lower than for tests 2 or 3. The temperature 

measured by the thermocouple located at the outer diameter of the grinding zone, was much 

higher than for test 2 or 3. However, the cooler air being drawn in helped reduce the 

temperature of the air and particles leaving the grinding zone. There was little difference in the 

temperature reading obtained from the three tests at the top of the exit pipe leaving the 

grinding head or at the entrance to the fan. The cooler ambient temperatures helped to 

increase the maximum throughput from the grinder. Although the temperature of the grinding 

zone was higher for test 1, the cooler ambient temperature reduced the temperature of the 

material stream preventing the particles sticking together. It should be noted here that the 

temperature of the air in the recycle pipe was much higher than ambient temperature, therefore

a lot of the hot air within the system continued to be recycled.
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Despite the huge difference in the total throughputs between the three tests, the rise in 

the temperature of the grinding zone for test 1 could be considered to be quite small. This 

relatively small increase in the temperature must be attributed to the cooler ambient air being 

drawn in between the grinding plates with the feed. Figure 4.166 illustrates the effect of 

ambient temperature on the available processing window. The maximum processing 

temperature remains unchanged and is specific to each material Therefore, as the ambient air 

temperature increases, the processing window is reduced and the consequence is a reduction 

in the throughput rate.

Total Throughput

Test Number

Figure 4.164 Differences in throughput for 3 tests carried out under the same closed circuit 

grinding conditions.

Grinding Wheel (C)

Fan Entrance +-

Fan Exit

Recycled Air

Test Number

Figure 4.165 Effect of ambient air temperature on grinding efficiency during closed circuit 

grinding.

4-217



Chapter 4 Results and Discussion

Maximum Processing Window

Minimum Processing Window

<---
Variation 

in Ambient 
Tern pe nature

►

Temperature °C
Maximum

Processing
Temperature

Figure 4.166 Effect of ambient air temperature on the grinding processing window.

4.2.16.3 Recycled Air Temperature

Ambient temperature has been shown to influence the rate of throughput, by reducing 

the temperature of the grinding head and the recycled air. It was pointed out previously that 

the temperature of the air drawn in on the recycle pipe was not at ambient temperatures but in 

the region of 65°C. Therefore, the air being drawn into the grinding head contained a mixture 

of ambient air and recycled air from within the system. The tests were carried out under open 

and closed circuit conditions at a constant feed rate.

The effects of air temperature on throughput rates and processing temperature are 

illustrated in Figure 4.167. This shows how the rate of regrind was affected after ambient air 

from outside the room was drawn in through the air recycle pipe for closed circuit grinding. 

The rate of regrind increased dramatically after the ‘cold’ air was introduced and returned to 

its original level after the hot air within the system was recycled. This increase in regrind was 

reflected in the drop in powder quality as shown, in Figure 4.168. The ‘cold’ air significantly 

reduced the processing temperature causing a decrease in the dry flow and bulk density 

properties. The particle size distribution of the powder displayed little change, as shown in 

Figure 4.169. However the shift to the right in the particle size distribution of the regrind, 

shown in Figure 4.170, emphasises the effect of the ‘cold’ air on process efficiency. The

particle size distributions of the regrind gives the impression that larger particles were ground
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at the lower temperature whereas in fact these particles were of poor quality. The particles

were unable to pass through the sieves due to their poor shape and the presence of ‘tails’ 

which altered the particle size distribution as shown.

Introducing ambient air into the recycle pipe had the same effect for open circuit 

grinding, as shown in Figure 4.171. After the ‘cold’ ambient air was drawn in, the rate of 

regrind rose and the powder output dropped. When the hot air was recycled again the powder 

and regrind rates did not return immediately to their original levels. This may have been due to 

the low processing temperature of 80°C compared with 102°C for closed circuit grinding. The 

particle size distributions of the powders, in Figure 4.172, shows a decrease in the percentage 

of larger particles or those near-mesh particles that were unable to pass through the screen in 

the classifier. This is confirmed by the increase in the percentage of undersize particles present 

in the regrind stream as illustrated in Figure 4.173. These particles were prevented from 

passing through the screens due to the poorer particle shape at low processing temperatures. 

Also, the rise in the rates of regrind at the lower temperatures may have been influenced by 

static causing the particles in the classifier to cling together rather than pass through the 

screens.

Cold air introduced via 
the air recycle pipe

■& 200

Feed-Pellets

Powder

Time (mins)

Figure 4 .167 Effect of cold recycled air on the throughput during closed circuit grinding.
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Figure 4.168 Effect of cold recycled air on the dry flow and bulk density values of the powder 

during closed circuit grinding.
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Figure 4.169 Effect of cold recycled air on the particle size distribution of the powder during 

closed circuit grinding.
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Figure 4.170 Effect of cold recycled air on the particle size distribution of the regrind during 

closed circuit grinding.
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Figure 4.171 Effect of cold recycled air on the throughput rate during open circuit grinding.
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Figure 4 .172 Effect of cold recycled air on the particle size distribution of the powder during 

open circuit grinding.
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Figure 4.173 Effect of cold recycled air on the particle size distribution of the regrind during 

open circuit grinding
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Static is present in any flow of granules or powder due to the high electrical resistivity 

of polymers. Therefore, any static charge acquired during grinding and handling is retained 

unless some discharge process takes place. The grinder itself is grounded to earth for this 

reason and to safeguard against electrical shocks and the possibility of powder explosions. 

Regardless of this, there will still be a certain amount of static present within the material as it 

travels around the system. This static is known to disrupt the grinding process since it causes 

particles to ‘cling’ together and reduces the screening efficiency of the classifier.

Static was found to reduce throughput efficiency by causing an increase in the rate of 

regrind as the particles ‘cling’ to each other. Figure 4.174 shows the regrind rate during two 

closed circuit grinding tests carried out under the same conditions. During the second test an 

anti-static agent was added at three different times, as indicated. Comparing both regrind 

traces shows that after each addition of anti-static agent there was a significant drop in the rate 

of the regrind. Therefore, during those periods when the regrind dropped, a higher percentage 

of particles were passing through the screens. The graph shows that the rate of regrind 

eventually returned to the same level as the test carried out without using anti-static. 

However, there appeared to be a processing temperature above which the level of static 

dropped.

The effect of the anti-static agent on the screening efficiency is illustrated by the 

difference in the particle size distributions of powder and regrind samples during closed circuit 

grinding as shown in Figure 4.175 and Figure 4.176, respectively. Analysis of the size 

distributions of the powder shows a higher percentage of larger particles in the powder 

samples. Before adding the anti-static agent, these particles would have entered the regrind 

stream as shown by the size distribution of the regrind. Samples taken from the regrind stream 

after adding the anti-static agent contained less undersize particles that should have passed
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through the sieves due to their size compared with those samples having no anti-static. Adding

the anti-static agent resulted in a reduction of the percentage of undersize particles (<500(j.m) 

from 38 to 7 percent. It can be concluded that the presence of static in the material stream has 

a large effect on the throughput rates by reducing screening efficiency.

The previous section looked at the effect of static on the regrind stream. Adding an 

anti-static agent to the system had the immediate but only temporary effect of reducing the 

rate of regrind. Afterwards the rate of regrind returned to the same level as in previous tests 

carried out with no anti-static. It can be concluded that the level of static is dependent on the 

material and the quality of the earthing from the grinder.

irind-Normal Test

_ 120

S' 100

Regrind-Antistatic Added at 1, 2, & 3

Time (mins)

Figure 4.174 Effect of adding anti-static on the rate of regrind.
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Figure 4.175 Effect of adding anti-static on particle size distribution of the powder.
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Figure 4 .176 Effect of adding anti-static on the particle size distribution of the regrind.
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4.3 Metallocenes

A second material was chosen for testing to compare the behavour of two materials 

during processing under a small number of conditions. The material chosen was a metallocene 

grade - ME 8169, from Borealis. This metallocene grade of polyethylene is widely used in the 

rotational moulding industry and must be ground before use. Problems had been experienced 

by Wedco when grinding this material, including screening and obtaining ‘good’ quality 

powder. A number of tests attempted to identify any differences between the two materials 

during grinding that may have caused these problems and link them to their properties:

1. Effect of processing temperature on powder quality.

2. Effect of static on powder quality and process efficiency.

3. Effect of cooling method and reheating the powder on the quality.

The grinding tests were earned out at a constant feed rate of 177kg/hr, under closed 

circuit conditions. Operating the grinder at this extreme limit gave a good reference for further 

testing at lower feed rates, in terms of the regrind rate and highest possible powder quality 

characteristics.

The processing behavour of the material was similar to the ME 8152 grade when the 

feed rate was held constant, as shown in Figure 4.177. The load on the motor rose slightly as 

the regrind material began to build up in the system and then leveled off once the system had 

stabilised. At this feed rate, the grinder was found to be operating very close to the grinding 

temperature limit for this grade, in that agglomerates of particles due to the high temperature 

were identified in the regrind stream. The processing temperature reached, and remained at, a 

maximum of 97°C. This temperature was much lower than the maximum processing 

temperature for the ME 8152 grade, which had been ground at temperatures up to 105°C. It 

can be concluded that the metallocene grade was easier to grind because at a powder output
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rate of 177kg/hr it was grinding at 97°C compared to an output of 165kg/hr for the ME 8152 

at 97°C. A comparison between the two grades is made in Table 4.10 at a constant feed rate 

of 165kg/hr. The percentage load and the processing temperature was lower for ME 8169 

than for ME 8152. A difference of over lOOkg/hr was observed between the rates of regrind 

and this increased the temperature and the load requirements for the ME 8152. However, the 

pellet sizes varied and this is thought to have influenced the rate of regrind. In section 4.2.11 

the pellet size was shown to alter the ratio of powder to regrind at a constant feed rate, the 

rate of regrind decreased between the 4mm and 2.4mm pellets.

Feed Rate-Pellets

Temperature at tjh 
Grinding Head

® 100
t 90

® 60
50

Time (mins)

Figure 4.177 Throughput for ME 8169.

Polyethylene
Grade

% Load Temperature
°C

Rate of Regrind 
kg/hr

Average Pellets Size 
(mm) / weight (g)

ME 8152 74.4 97 200 4mm / 0.036g
ME 8169 72.8 84 94 3mm / 0.024g

Table 4.10 Differences between ME 8152 and ME 8169 at the same feed rate (165kg/hr).

4.3.1 Processing Temperature

The processing temperature was varied by operating the grinder at different feed rates. 

The feed rate was reduced from 177 to 97 kg/hr resulting in a processing temperature drop 

from 98 to 74°C. The effect of this on the powder and regrind rates is shown in Figure 4.178. 

After each drop in the feed rate there was a corresponding drop in the regrind rate and the 

processing temperature.
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The processing temperature had a similar effect on the bulk density and dry flow 

characteristics to those described in Section 4.2.1 for the other materials tested. The 

improvements in both characteristics are shown in Figure 4.179. The bulk density showed a 

continuous improvement as the temperature was increased. At the lower test temperatures 

(>80°C) the dry flow appeared to be unaffected by the processing temperature. However, at 

these temperatures, the powders tested exhibited poor flow characteristics. The powder 

tended to bridge at the funnel exit and the powder level did not fall smoothly down through 

the funnel There was a dramatic improvement in the dry flow at the higher temperatures. This 

can be seen clearly in Figure 4.180 where the dry flow and processing temperature are plotted 

together. This graph indicates that there is a processing temperature level above which the 

system must be working in order to grind this grade into powder of an acceptable quality for 

rotational moulding. An increase in the feed rate had the effect of increasing the percentage of 

particles collected on the 500pm sieve, as shown in Figure 4.181. The percentage of particles 

rose from approximately 15 to 22 percent therefore, at the higher feed rates the screening 

efficiency dropped.
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Figure 4.178 Effect of feed rate on throughput and processing temperature.
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Figure 4 179 Effect of processing temperature on dry flow and bulk density.
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Figure 4.180 Relationship between processing temperature and dry flow.
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Figure 4 .181 Effect of feed rate on the size distribution of the regrind stream.
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4.3.2 Static

The results from a test carried out to determine the effect of static on the throughput 

are shown in Figure 4.182. Anti-static was added at four different stages during the test but 

the rate of regrind appeared to be only slightly affected. A previous test had been run using the 

same grade of material to clear the grinder of ME 8152 and it was still warm when this test 

was started. This explains the slow increase in the rate of regrind which would have increased 

faster had the grinder been cold. However, nonetheless, the rate of regrind showed no 

response to the anti-static. The particle size distribution of the regrind material from two tests, 

one as normal and the other having an anti-static agent added are presented in Figure 4.183. 

The distributions show that there was a difference in the percentage of particles around 

500(o.m indicating that static did restrict the screening of some particles. However, the 

difference was very small with the percentage of particles under 500pm being only 4.5 and 4.9 

percent for the normal test and the test with anti-static, respectively. It is also evident that 

more of the particles close to the mesh opening, i.e. 500pm passed through the screens when 

anti-static agent was used. The particle size distribution of the powder remained unchanged 

after adding anti-static possibly because it had only a small effect on the regrind stream, as 

shown in Figure 4.184

It was thought that if a static problem existed with this material then it would emerge if 

the grinder was operated at low processing temperatures set by the feed rate. Figure 4.178 

shows how the powder and regrind rates dropped as the feed is decreased from 177 to 100 

kg/hr. Initially there was an increase in the rate of regrind before it leveled out at 

approximately, lOOkg/hr. This peak in the regrind rate is typical of any test carried out on the 

grinder when it is cold. As the processing temperature decreased, the regrind continued to 

account for approximately 35% of the total throughput. The effect of static on the rate of 

regrind was considered to be very small.
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The properties of powder samples collected during each of the feed rates shown 

previously in Figure 4.178 were tested before and after adding anti-static agent. The results 

are presented in Figure 4.185 with respect to the processing temperature at each of the feed 

rates. It was found that there was static present in the powder and this had the general effect 

of restricting the dry flow rate and preventing the particles packing closely together, as 

measured by the bulk density. It can be concluded that the screening efficiency of ME 8169 

was much higher than for ME 8152 as demonstrated in Figure 4.186. The difference in the 

screening efficiency of the two materials opens up a new area into the effects of various 

materials on the throughput rates.

Temperature at the 
Grinding Head

Powder

o. 100

- 10

Time (mins)

Figure 4.182 Effect of the anti-static on the metallocene grade - ME 8169.

“♦"Regrind - Normal Conditionsr 30

Regrind - Anti-static Added

Sieve Size (microns)

Figure 4.183 Effect of the anti-static on the particle size distribution of the regrind.
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Normal Test

After adding 
Antistatic

Sieve Size (microns)

Figure 4.184 Effect of the anti-static on the particle size distribution of the powder.
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“•—Dry Flow

Dry Flow- Anti-static
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* * Bulk Density - Anti-static

Processing Temperature (°C)

Figure 4.185 Effect of adding anti-static to powder samples on the dry flow and bulk density.

ME 8169

ME 8152

Sieve Size (microns)

Figure 4.186 Differences in the particles size distribution of the regrind streams between ME 

8152 and ME 8169.
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The powders were cooled immediately after grinding in the same manner used to cool 

the ME 8152 grade. Similar trends were obtained in that the properties were improved as the 

cooling rate was reduced, as shown in Figure 4.187. The powder samples cooled in the pallets 

had improved properties over those cooled faster either in the fridge or in a sample bag. Also, 

the properties measurements were repeated at week 3 and 12. The behavour observed 

correlated with the fluctuations noted in the percentage crystallinity of the powders following 

grinding, as illustrated previously in Figure 4.37. The percentage crystallinity in the powders 

was measured 2 months after they were ground and the trend in Figure 4.188 is very similar to 

that found for ME 8152. For both materials the percentage crystallinity was higher in those 

samples that had been cooled or annealed slowly.

- 410

400-7
— Dry Flow - Week 1 
“ Dry Flow - Week 3
' Dry Flow - Week 12

— Bulk Density - Week 1
— Bulk Density - Week 3 

Bulk Density- Week 12

390 c

10 - - - 380'

- 370

Sample PalletLiquid Nitrogen
Cooling Method

Figure 4.187 Effect of cooling method on dry flow and bulk density.
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"•“% Crystallinity - Week 12 

Dry Flow-Week 12

Liquid Nitrogen Sample Pallet
Cooling Method

Figure 4.188 Effect of cooling method on dry flow and bulk density.

4.3.4 Post Heating

The effect of post heating the powders on dry flow and bulk density was measured by 

heating them an oven, as shown in Figure 4.189. The bulk density increased by 13 percent 

over the first hour and by 30 over 24 hours. The percentage increase in the bulk density of this 

metallocene grade - ME 8169 was similar to that observed for the ME 8152 grade of 

polyethylene.

Bulk Density 
- 105°C__

Dry Flow 
-105°CDry Flow

380 n

360 c

Bulk Density 
- 95°C

Oven Time (Hours)

Figure 4 .189 Effect of post heating on dry flow and bulk density.
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4.4 Material Properties 

4.4.1 Molecular Weight

Molecular weight analyses of the materials ground was carried out to determine 

whether the process of grinding the powders had any adverse effect on their molecular 

structure.

Typical molecular weight distribution curves are shown in Figure 4.190 for ME 8169. 

The materials tested are in pellet form and two powder samples. From the graph it can be 

observed that the three distributions are almost identical. Grinding was found to have no effect 

on the molecular weight of any of the polymers. The values for Mw, Mn and polydispersity 

are given in Tables 4.11, 4.12, 4.13 and 4.14 for NG 2431 E, NC 8092, ME 8152 and ME 

8169, respectively.

The ME 8169 had a lower molecular weight than ME 8152 which accounts for the 

difference in the MFIs of 6 and 3.6g/10min, respectively. However, ME 8169 a much 

narrower molecular weight distribution as indicated by the polydispersity values. The decrease 

in the molecular weight would reduce the energy required to shear the material and the heat 

generated during the grinding process. This was shown previously in Table 4.10 by the 

differences in the processing temperatures at the same feed rate of pellets.

Molecular Weight Distribution

Figure 4.190 Molecular weight distribution of ME 8169.
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Material Form Mw Mn Polydispersity
Pellet 68,400 16,150 4.3

106-212 pm 70,100 19,650 3.6

300-425 pm 70,750 18,350 3.9

Table 4.11 Molecular weight analysis using GPC - NG 243 IE.

Polyethylene Grade Mw Mn Polydispersity
Pellet 91,200 18,850 4.9

106-212 pm 88,750 19,650 4.6

300-425 pm 91,300 19,500 4.7

Table 4.12 Molecular weight analysis using GPC - NC 8092.

Material Form Mw Mn Polydispersity
Pellet 86,850 20,900 4.2

106-212 pm 87,400 20,750 4.3

300-425 pm 86,850 20,850 4.2

Table 4.13 Molecular weight analysis using GPC - ME 8152.

Material Form Mw Mn Polydispersity
Pellet 69,850 28,600 2.5

1 71,050 29,200 2.4
2 71,050 29,400 2.4

Table 4.14 Molecular weight analysis using GPC - ME 8169.

4.4.2 Vicat Softening Temperature

Reference is frequently made to the softening temperature of polyethylene and its 

relevance to the maximum grinding temperature of the material. The Vicat softening 

temperatures for ME 8152 and ME 8169 were found to be 117.4°C and 119.7°C, 

respectively. However, this softening temperature does not give a good indication of the 

maximum temperature to which these materials can be ground. The Vicat softening 

temperature is that at which a probe penetrates the material by 1mm. In grinding the aim is not 

to soften the material, and so this parameter is unlikely to be helpful.
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4.4.3 Crystallinity

The percentage crystallinity values obtained for ME 8152 and ME 8169 were 47.5 and 

49.6, respectively. The difference in the crystallinity can be attributed to the narrow molecular 

weight of the metallocene grade - ME 8169 and the ordered manner in which the side chains 

are arranged.

4.4.4 Dynamic Mechanical Analyses

The dynamic storage modulus, E’, is approximately similar to the Young or elastic 

modulus, or stiffness. Figure 4.191 presents Log E' for ME 8152 and ME 8169. The modulus 

values were similar although it was marginally higher for ME 8169. As indicated previously 

the ME 8169 had a higher percentage crystallinity and a narrow molecular weight increasing 

the stiffness of the material.

The dynamic loss modulus or viscous modulus, E”, is a measure of the energy 

absorbed due to relaxation and is useful in understanding the mechanism of change in the 

molecular structure. LogE" is plotted in Figure 4.192 and shows the difference in the loss 

moduli for the two materials. It can be seen that ME 8152 had a higher relaxation ability than 

the ME 8169. This can be partly attributed to the broader molecular weight of ME 8152.

The damping factor, tan 5 is the ratio of the dynamic loss modulus to the dynamic 

storage modulus. It was measured over a period of 5 hours at a range of temperatures similar 

to those in the grinding process. The tan 8 is plotted in Figure 4.193 for the two grades. The 

value for ME 8152 exceeded that of ME 8169 as the temperature increased indicating that 

ME 8152 was more dissipative.
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Figure 4.191 DifTerence between the Log E' values for ME 8152 and ME 8169.
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Figure 4.192 Difference between the Log E" values for ME 8152 and ME 8169.

Tan delta-ME 8169

- ME 8152

® 0.24

Temperature °C

Figure 4 193 Difference between the tan 8 values for ME 8152 and ME 8169 over a range of 

temperatures.
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It was felt that it would assist with the optimisation of the grinding process if a model 

of it could be developed. The Wedco grinding system is operated normally under closed 

circuit conditions but may also be operated under open circuit conditions, as illustrated in 

Figure 4.194, where the regrind material is prevented from entering the grinding head.

Ib

Figure 4.194 Open circuit grinding.

The input is lb (kg/hr) which consists solely of raw material feed (pellets). The material 

Ib' exiting the grinding head (D) is classified (C) after which the regrind qr and the powder qp 

are collected separately.

The mass flow equations are;

Ib = Ib'

Ib' = qp + qr (4.7)

The grinding system is operated under closed circuit conditions, as illustrated in Figure 

4.195 and is typical of any closed circuit plant114’15’17,76].

Figure 4.195 Closed circuit grinding
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The raw material feed (pellets) is denoted by la (kg/hr). In a normal closed circuit this 

feed joins material being recirculated, R (kg/hr), therefore, the total input into the grinding 

head (G) is la' (kg/hr). The grinding head discharges J' (kg/hr), and this material is classified in 

size so that R is re-circulated and Qp leaves the system as powder 

The mass flow equations are;

la + R = la' 

la' = J'

J' = R + Qp

la = Qp (4 9)

With respect to the regrind, R, in closed circuit grinding;

R = F(Ia + R) (4.11)

where F is the recycle fraction of the total input (la’)

R = Fla + FR 

R( 1 -F) = Fla

R = (F/l-F)Ia (4.12)

The regrind stream has been found to consist of undersize and oversize particles and 

the fraction of each was related to the throughput efficiency of the process. If ru and r° are the 

ratios of undersize and oversize in the actual regrind stream, then the rate of true oversize can 

be calculated.

R = r11 + r° 

r° = R-ru

r° = (F/l-F)Ia - ru (4.13)
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The experimental analysis has highlighted a number of important factors that influence 

the throughput efficiency of the process. This model can be developed to include the following 

factors based on the experimental results;

- Gap setting

- Number of mill teeth

- Angle of toothed section on the rotating plate

- Angle of grinding teeth on the rotating plate

- Length of the grinding zone

- Pellet size and shape

- Processing temperature
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4.6 Moulding Powders 

4.6.1 Stage One

Initial moulding trials were carried out on powders having a range of quality 

characteristics to determine what influence, if any they had on the moulding cycle. Powder 

quality characteristics represent the physical shape of the particles and these characteristics are 

important for rotational moulding in terms of flowability and dispersion of particles within the 

mould. However, they are considered to be of little significance once the powder has melted 

because the particles coalesce together in the polymer melt. Any effects of powder 

characteristics during the moulding cycle should be detected during the melting stage, i.e. that 

plateau between points ‘A’ and ‘B’ as shown in Figure 4.196. Over this plateau heat is 

transferred to the polymer particles as they begin to melt and adhere to the mould. The energy 

absorbed by the melting polymer is shown by the reduction in the rate of which the internal air 

temperature of the mould rises. Due to the low thermal properties of plastic large powder 

particles melt slower than fine particles and therefore, the powder particles size and size 

distribution should exert a certain influence over the heating stage. A poor quality powder 

having a low bulk density would be expected to reduce the heat transfer in the mould because 

of the poor packing of particles.

The moulding cycle of the parts discussed in this section was controlled by an early 

version of the Rotolog (Mark 1), whereas those in the next section used an undated and more 

accurate version, (2.7). This may have had some effect on the accuracy of the temperature 

measurements and the extent to which comparisons between the cycles can be made.
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The mouldings produced in this sections were from powders ground under different 

conditions using grades NG 243 IE and NC 8092. The parts moulded had varying quality 

characteristics and are identified by the name given to the grinding condition in Appendix A. 

Difficulties were experienced with achieving constant peak internal air temperatures for the 

parts moulded and therefore, comparisons made between parts are limited to the melting 

stage.

4.6.1.1.1 NG 243IE

The length of the melting stage varied between the different powders, as shown in 

Figure 4.195. With the onset of melting occurring at approximately ‘A’, the small difference of 

0.5 minutes required by the range of powders to melt is between the points ‘B’ and ‘B”. The 

impact properties varied only slightly when impacted under ambient conditions, unlike at - 

40°C where quite a difference was found, as shown in Figure 4.197. All the samples exhibited 

ductile failure except powder W12, where the majority of those samples impacted, underwent 

brittle failure. The variations in the impact strength can be related to the different cooling rates 

of the parts rather than powder quality. The parts were cooled in the same manner in the 

cooling bay of the machine, however the rate of cooling is partly determined by when the 

plastic part released from the inside of the mould. Release of the part from the mould reduces 

the cooling effect from the mould wall to the plastic due to the insulating air gap between 

them. The internal air temperature trace for W12 shows that it cooled at a much slower rate 

than the others, causing an increase in the crystallinity content that is associated with an 

reduction in impact strength.
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Figure 4.196 Effect of powder quality on the melting stage.

W1 W7 W8 W12 W18
Powders Ground under Different Conditions

Figure 4.197 Effect of powder quality on impact properties.

4.6.1.1.2 NC 8092

The effect of powder quality of NC 8092 was found to be very small during the 

melting stage of the moulding cycle. As illustrated in Figure 4.198 the internal air temperature 

of parts moulded with powders HI and H4 having a smaller particles size was higher than for 

the other two. However, this did not have any influence on the length of the melting stage.

There was very little variation in the impact properties when impacted at both ambient 

and -40°C, except in the case of HI which had a higher impact strength than the others, as 

illustrated in Figure 4.199. Considering that all parts were moulded under the same conditions 

an explanation for this difference in impact strength would be that it is due to the faster 

cooling rate which it experienced, as shown in Figure 4.198. This faster cooling rate resulted
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in the mould having a lower density and crystallinity than the others, thus having improved 

impact properties.

2 160
Difference in the 

melting stage
— H8

— H9

Cycle Time (min)

Figure 4.198 Effect of powder quality on the melting stage.

H1B H4B H8B H9B
Powders Ground under Different Conditions

Figure 4.199 Effect of powder quality on impact properties.

4.6.1.2 Powder Particle Size

Powders typically of 500 and 600(j.m are used in rotational moulding because the size 

distribution of powder particles is considered to give the best compromise in terms of powder 

cost and part quality. Grinding small particles increases the cost of the powder and moulding 

larger particles reduces the quality of part and increases the cycle time. As a result pellets are 

not rotationally moulded by virtue of their size and shape. The difference in the moulding 

cycles between powder and pellets moulded under the same conditions is shown in Figure 

4.200. The poor heat transfer of the polymer ensured that the rate at which the pellets melted
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and fused together was much slower than for the relatively smaller powder particles.

illustrated by the longer melting stage. The mouldings also had a poor inner and outer surface 

finish due to the incomplete fusion of pellets. A longer heating cycle would be required to 

ensure a uniform wall thickness at the expense of part quality due to over-curing the plastic.

A powder having a certain percentage of fine particles is essential for rotational 

moulding as they help improve surface porosity by adhering first to the mould wall during the 

melting stage. Natural material having the fine particles (<212pm) removed was moulded with 

15 percent fine black particles, and the result is presented in Figure 4.201. The image shows 

that the fine black particles were present on the outer surface of the part and the larger natural 

particles across the thickness and on the inner surface. During the heating stage as the material 

was tumbling inside the mould the fine particles were sieved through the larger particles and 

were first to melt onto the surface of mould.

The differences in the length of the melting stages of various particles sizes is shown in 

Figure 4.202. The fine particles melted faster than the medium sized particles, and the regrind 

material having a particle size above 500pm had the longer melting stage. These particle sizes 

are extreme and are not commonly moulded, however they indicate that particle size is 

important for rotational moulding. At ambient conditions there was no apparent difference 

between the impact properties of the powders as shown in Figure 4.203. At -40°C mouldings 

produced from fine particles had lower impact properties than the others. Spence1401 reported 

similar results attributing this to how finer particles trapped more and smaller bubbles in the 

mould wall compared to larger particles. The impact strength improved for mouldings 

produced using coarse particles (425-600pm) and for a normal 35 mesh powder. These results 

appear to indicate that an optimum powder particle size and distribution in terms of impact 

properties approaches a 500p.m powder.
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Figure 4.200 Difference in the moulding cycle between powder and pellets.
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Figure 4.202 Effect of different particle sizes on the melting stage.
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Regrind Regular 425- 212- 0-212
500pm 600 pm 425 pm pm
Powder

Figure 4.203 Effect of powder particle sizes on impact properties.

4.6.1.3 Powder and Micropellets

Powder and micro-pellets from the same polyethylene grades were moulded in an 

attempt to identify the relative differences during the moulding cycle and on the impact 

strength. The particle size distributions of both material forms are shown in Figure 4.204. The 

micro-pellets were approximately 500pm in diameter and had a uniform shape that gave the 

relatively high dry flow and bulk density values compared with powders, as presented in Table 

4.15. Micro-pellets are produced by, a high shear extrusion process in which thin strands of 

plastic are cut at the die face. This may affect the molecular structure of the polymer. Samples 

from both grades were analysed using GPC and the results in Table 4.16 revealed only 

negligible differences in the Mw, Mn and polydispersity values between the powder and 

micro-pellets.

The moulding cycles for both material grades in powder and micropellet form are 

shown in Figure 4.205 and Figure 4.206, under normal moulding conditions. No significant 

difference was found between the moulding cycles for powders and micropellets for either 

material grade. The R3560 powder was at a slightly higher temperature (2-3°C) during the 

melting stage than the micro-pellets, although the difference was not carried through into the 

sintering stage and did not effect the cycle time.
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Impact tests carried out at ambient conditions showed no variation in the impact 

properties for mouldings produced from powder or micropellets for either grade, as shown in 

Figure 4.207. The R3560 powder had a lower impact strength under normal vented moulding 

conditions but in general there was an overall decrease in the impact strength when the mould 

was pressurised. The results from impact test at -40°C presented in Figure 4.208, showed no 

difference between powder and micro-pellets except that all the mouldings which were 

pressurised (except R3560 in micro-pellets form) exhibited brittle failure. Spence1401 found that 

voids were successfully removed by internal pressure and was shown to increase the impact 

properties of the moulding. These results are unusual and warrant further work before 

conclusions can be drawn on the impact properties after pressurisation.

A visual examination of the moulds showed that there was an obvious difference 

between the surface porosity and internal bubbles of moulds produced from powder and 

micropellets. Moulds produced from the R3560 powder had less surface pores or internal 

bubbles than R3840 powder for both the vented (normal) and un-vented conditions, due to the 

differences in the properties of the grades. The R3560 had a higher MFI of 6 compared with 4 

for R3840 thus reducing the surface porosity. Both grades of micropellets produced moulds 

that had larger surface pores and internal voids than the powders, under normal moulding 

conditions and when the vent pipe was closed. This was improved upon by applying internal 

pressure to the mould as it removed all surface pores and internal voids from mouldings 

produced from powder and micropellets. Flowever, the parts moulded from micropellets 

tended to have a small number of air bubbles trapped at the corners.
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R3560 - Micropellets 

R3840 - Powder 
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Figure 4.204 Size distribution of powder and micro-pellets.

Polyethylene Grade Dry Flow (sec) Bulk Density (g/L)
R3560 Powder 26 354

R3560 Micropellets 10 531
R3840 Powder 31 367

R3840 Micropellets 12 504

Table 4.15 Differences in dry flow and bulk density between powder and micro-pellets.

Polyethylene Grade Mw Mn Polydispersity
R3560 Powder 73,750 14,350 5.2

R3560 Micropellets 77,550 12,950 6.1
R3840 Powder 83,400 16,350 5.2

R3840 Micropellets 83,300 16,450 5.1

Table 4.16 Molecular weight analysis of the powder and micro-pellets using GPC.

— R3560 Micro-pellets

— R3560 Powder
2 40

Cycle Time (mins)

Figure 4.205 Difference in the moulding cycle between powder and pellets.
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Figure 4.206 Difference in the moulding cycle between powder and pellets.
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Figure 4.207 Impact results at ambient temperature.

R3560-Powder

R3560-Micropellets
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Normal-Vented Vent Pipe Closed Pressurised

Figure 4.208 Impact results at -40°C.
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4.6.2.1 Powder Quality

The effect of powder quality on mouldability was measured for a number of powders 

having a range of dry flow and bulk density values. These powders were ground under the 

same processing conditions but at different temperatures.

A comparison of the internal air temperature traces for the powders is presented in 

Figure 4.209. It may be seen that there was no distinct variation between any of the powders 

during the moulding cycle and particularly during the melting stage. The percentage shrinkage 

appeared to be unaffected by the quality of the powder. A maximum variation of only 0.1 

percent was found from either of the two measurements taken, as shown in Figure 4.210. The 

trend in Figure 4.211 suggests that there was a small increase in impact strength as the quality 

of the powder improved. The average increase in the impact strength corresponds to a 10% 

increase in the impact strength between a powder having a dry flow of 34 seconds compared 

to 18 seconds. As the quality of the powder improved, the amount of air bubbles trapped 

within the melt decreased, brought about by enhanced particle shape allowing a denser 

packing arrangement in the mould.

The quality of the powder particles had a large influence on the surface porosity of the 

moulded parts. The micro-graphs in Figure 4.212 (a) to (d) illustrate the decrease in the size 

of the pores on the surface of the parts as the dry flow was improved. The average pore area 

and number of these pores are quantified in Figure 4.213. The size of the pores or the average 

pore area decreased by 24 percent, as the quality improved although the average number of 

pores remained unchanged and only dropped at the highest dry flow rate of 18 seconds. The 

improvements in powder quality saw a fall in the percentage area of the part covered in pores 

from over 7 to 4.8 percent, an overall improvement of 33 percent.
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The test mould used had a series of details such as inserts, threaded pipe, recesses, 

surface textures, etc., which give a good indication of the mouldability of a powder. It was 

possible to observe changes in the ways the parts moulded as the quality of the powder 

improved. At the low quality end, the powder failed to properly fill small radii and the pipe 

threads due to poor dry flow rates and particles having ‘tails’. These properties were difficult 

to quantify but are important particularly when moulding intricate shapes. Figure 4.214 

presents photographs taken of one moulded feature from each of the powders. The feature 

was a conic projection 20mm high and 20mm in diameter. The complete coverage of this 

feature was found to be very dependent on the powder quality. The poorer quality powders 

tended to bridge at the top of the projection and entrap air voids. As the quality improved, the 

flow of the particles in the comers was much improved and the wall of the part was 

completely covered producing a smoother inner walled part.

200 -

Dry Flow (seconds)
— 34

.160 -

— 28

— 22
E 120 -

— 18

Cycle Time (mins)

Figure 4.209 Effect of powder quality on the internal air temperature of the mould.
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Result 1
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Figure 4.210 Effect of powder quality on the percentage shrinkage.
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Figure 4.211 The effect of powder quality on the impact strength (J/mm2).

(a) 34 seconds (b) 28 seconds
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(c) 22 seconds (d) 18 seconds

Figure 4.212 Effect of powder quality on surface porosity.
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Figure 4.213 Effect of powder quality on surface porosity.

(a) 34 seconds (c) 18 seconds(c) 22 seconds(b) 28 seconds

Figure 4.214 Effect of powder quality on the quality of the moulded part.
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4.6.2.2 Powder Size Distribution

Powders ground under the same conditions but at gap sizes of 0.2, 0.4, 0.6, and 

0.8mm were moulded so as to identify the implications of the average particle size for the 

moulding cycle. Since these powders were classified using 503pm screens the overall effect of 

changing the gap size is relatively small on the powder size distribution There was no notable 

difference in the internal air temperature of the mould between the powders, as shown in 

Figure 4.215. The percentage shrinkage measurements varied as shown in Figure 4.216, 

although the difference is considered too small to infer any relationship with the powders 

moulded. The impact strength showed an upward trend in Figure 4.217, as the average size of 

the particles was increased. The difference in the impact strength at gaps of 0.2 and 0.8mm 

amounted to a 21% variation in the strength of the parts.

The effect of the powders on surface porosity is illustrated in Figure 4.218 and shows 

that the average pore area was enlarged as the gap size was widened. An increase of 36% in 

the average pore area caused a rise in the percentage of the total area covered from 5.4 to 6.7 

percent, a total increase of 22.5%. These differences could be observed from a visual 

examination of the surface of the parts. However, despite the influence of the powders on 

surface porosity their effect on mouldability was not easily distinguished.

Gap Size (mm)
— 0.2 -
— 0.4
— 0.5
— 0.6

« 80

Cycle Time (mins)

Figure 4.215 Effect of powder particle size distribution on the internal air temperature of the 

mould.
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Figure 4.216 Effect of powder particle size distribution on the percentage shrinkage.
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Figure 4.217 The effect of different particle size distributions on impact strength (J/mmz).
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Figure 4.218 The effect of different particle size distributions on surface porosity.

4-256



4.6.2.3 Powder Particle Size

Chapter 4 Results and Discussion

Powders screened through sieves of 308, 503, 716 and 869 microns were moulded to 

determine the importance of the upper particle size limit on mouldability. Although the 

powders were ground at the same processing temperature, the dry flow rates differed as a 

result of the particle sizes and the rates were 26, 22, 20 and 20 seconds, respectively.

The particle size had the effect of reducing the heating stage during the moulding 

cycle, as illustrated in Figure 4.219. The 308 micron powder had a shorter heating stage 

compared to the other powders. The difference was 0.5 minutes over a 3.5 minutes heating 

stage or a 14% reduction in the heating time required The other finding from these trials was 

that the part moulded from the finer particles reached a lower internal peak air temperature.

Again, as in the previous trials, the particles size had no apparent effect on the 

percentage shrinkage, as illustrated in Figure 4.220. The impact strength was found to be 

lower for the 308 micron powder, an overall drop of 25% compared to the 869 micron 

powder, as shown in Figure 4.221. The lower impact strength can be attributed to particle 

size. The particles are much smaller, and therefore they melt quicker in the mould, resulting in 

over-curing the part. The optimum impact strength was found for the 503 micron powder. 

The 716 and 869 micron powders produced parts having poorly defined features where the 

inner wall of the moulded part was uneven, especially around the intricate features and at 

corners. The larger particles were prevented from flowing into small radii due to their size and 

shape and they were also slower to melt than the fine particles. The photographs in Figure 

4.222 illustrate the poor coverage of the projection at the tip where the larger particles 

disrupted the flow pattern of the powder around the projection.

Analysis of the surface porosity revealed that the 308 micron powder had the lowest 

average pore area but the largest number of pores. Thereafter, there was an overall increase in 

the average pore area and a steady fall in the number of pores. The trend shown in Figure
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4.223 is due to the reduction in the percentage of fine particles and the entrapment of larger

air voids due to the presence of the larger particles. The dry flow was higher for the 716 and 

the 869 micron powder than the 503 or the 308 micron powders. This was only due to the 

higher content of larger particles expressed by the fall in the bulk density from 395g/L for the 

308 micron powder to 385g/L for the 716 and 869 micron powders and the reduction in the 

bulk density properties is shown by the rise in the average pore area. Those powders on either 

extremes, i.e. 308 and 869 microns had the higher percentage coverage, due to the quantity of 

pores and the average pore size, respectively.

Difference in the 
melting stage

- 100

Sieve Size (microns) 
— 869 
----716
— 503
— 308

Cycle Time (mins)

Figure 4.219 The effect of powder particle size on the internal air temperature of the mould.

Result 2

Screen Size (microns)

Figure 4.220 The effect of powder particle size on the percentage shrinkage.
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Impact Strength

Screen Mesh Size (microns)

Figure 4.221 The effect of powder particle size on impact strength (J/mm2).

(a) 308 pm (b) 503 pm (c) 716 pm (c) 869 pm

Figure 4.222 The effect of powder particle size on the quality of the moulded part.
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Figure 4.223 The effect of powder particle size on surface porosity.
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Micro-pellets were produced from the same batch of ME 8151 as the powder used in 

comparative mouldings. The micro-pellets were nominally 500 microns in size, and therefore 

had a much narrower size distribution than the 500 micron powders, as illustrated in Figure 

4.224. The size of the micro-pellets was found to prolong the heating stage of the moulding 

cycle by approximately 0.5 minutes, as shown in Figure 4.225. The percentage shrinkage 

values varied between parts moulded with micro-pellets and powder, as shown in Figure 

4.226, with the micro-pellets having the higher shrinkage values. However, in spite of the 

variations seen so far the impact strength shown in Figure 4.227 for the micro-pellets and 

powder were very similar.

The main influence of micro-pellets on the moulded part was on the extent of surface 

porosity. Micro-graphs comparing the surface of parts moulded by micro-pellets and powders 

are shown in Figure 4.228. Analysis of the part surface found that the micro-pellets had a 

lesser number of pores but had a much larger average pore area than the powder. This is 

illustrated in Figure 4.229 and the consequence of which for micro-pellets is shown by the 

higher percentage of the total area covered.

The crystallinity values obtained from DSC for the micropellets and powders are 

presented in Table 4.17. The samples were heated, cooled and re-heated at 10oC/min. The 

enthalpy values from the first heating cycle reflect the thermal history induced into the samples 

as a result of the previous processing conditions, i.e. micro-pelletising and grinding. The 3 

percent difference between the micro-pellets and powder from the cooling cycle suggests that 

the previous thermal history of the polymer continued to influence the behavour of the 

polymer during cooling. The micro-graphs in Figure 4.230 were taken from sections removed 

from the wall of parts moulded using micro-pellets and powders. The spherulites were much 

smaller in the part moulded with micro-pellets than the one moulded from powder. The size of
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the spherulites illustrates how the crystallisation process was affected by the thermal histories

induced into the same base resin. Micro-pelletising is a high shear process compared to 

grinding and had a more severe effect on the polymer. It altered the molecular structure of the 

polymer thereby changed the manner in which the molecules crystallised.

Micro-Pellets (ME 8151)

"•“Powder (ME 8151)

Sieve Size (microns)

Figure 4.224 The effect of moulding fine particles with micro-pellets on the frequency 

distribution of pore sizes.

Micro-pellets
Difference in the 

melting stage — Powder

Cycle Time (mins)

Figure 4.225 Difference in the internal air temperature between micro-pellets and powders.
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-♦-Result 1
2.7 -

Powder

Figure 4.226 Difference in the internal air temperature between micro-pellets and powders.

w 1.5 -
• ■ average

Powders

Figure 4.227 Difference in the impact strength between micro-pellets and powders.

(a) (b)

Figure 4.228 Difference in the surface porosity between (a) micro-pellets and (b) powder.
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Figure 4.229 Difference in the surface porosity between micro-pellets and powders.

ME-8151 Heat
(% Crystallinity)

Cool
(% Crystallinity)

Re-heat
(% Crystallinity)

Micro-pellet 37.4 35.2 42.6
Powder 45.4 38.3 48.9

Table 4. 17 Percentage crystallinity values for ME 8151 micro-pellets and powder.

(a) (b)

Figure 4.230 Difference in the spherulite structure between (a) micro-pellets and (b) powder.

4.6.2.S Micro-pellets and Fine Particles

Interest in the use of micro-pellets is continuing to grow although they have been 

shown to have a detrimental effect on surface porosity and internal voids. However, this 

associated problem can be overcome by the use of mould pressurisation. The previous 

sections have shown the importance of powder quality and the role played by fine particles in 

reducing surface porosity. As a result of this and the obvious potential for micro-pellets it was
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decided to investigate the benefit of combining these aspects, by moulding fine particles with

micro-pellets.

Moulding micro-pellets with fine particles less than 212pm resulted in a dramatic 

reduction of 75 percent in the average pore area, shown in Figure 4.231. During the moulding 

cycle the fine particles are first to adhere to the mould wall because due to their size they have 

improved heat transfer properties and filter through the micro-pellets on the surface of the 

mould. The frequency distribution of the pore sizes in Figure 4.232 clearly illustrates the 

benefit of adding fines to the micro-pellets, when the aim is to reduce surface porosity. As the 

percentage of fines increased from 5 to 15 percent the average number of pores on the surface 

of the part increased by 52%. The increase in the number of surface pores is due to the size 

distribution of the fine particles and the increased likelihood of the particles trapping smaller 

air voids in melt. In spite of the increase in the number pores the smaller pore area reduced the 

total area of the part covered by 48 percent. The values shown for the part moulded with 15% 

fines are typical of those found for ‘good’ quality 500pm powders in Section 4.6.2.1

The percentage shrinkage results presented in Figure 4.233 revealed a downward trend 

when comparing a part moulded with 100 percent micro-pellets and those with 5, 10 and 15 

percent fines. The reduction in the shrinkage measurements can be linked with the decrease in 

the size of surface pores and internal voids. The impact results in Figure 4.234 showed a 

similar trend, whereby the impact strength was reduced by 17 percent by the addition of 15 

percent fines. The impact strength of those parts moulded with fines compares favourably with 

other parts produced with powders, as shown previously in Figure 4.211 and 4.217. The 

differences in the spherulitic structures observed for the two forms of material may have 

resulted in some incompatibility during moulding that reduced the overall impact strength.
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Figure 4.231 The effect of moulding fine particles with micro-pellets on surface porosity.
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Figure 4.232 The effect of moulding fine particles with micro-pellets on the frequency

distribution of pore sizes.
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Figure 4.233 The effect of moulding fine particles with micro-pellets on the percentage 

shrinkage.
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% Fine Particles Moulded with Micro-pellets

Figure 4.234 The effect of moulding fine particles with micro-pellets on impact strength 

(J/mm2).

4.6.2.6 Powder and Regrind

Powder and regrind material were moulded together, the ratio of which was dependent 

on the powder and regrind rates during open circuit grinding at gap settings of 0.3, 0.6 and 

0.8mm. This was carried out to assess the potential for moulding powder combined with 

larger particles. The internal air temperature traces are compared with that of a 500 micron 

powder in Figure 4.235 and there was no difference detected in the length of the melting 

stage. A drop 0.4 percent in the shrinkage was observed as the ratio of powder to regrind 

moulded decreased, as shown in Figure 4.236.

The impact results presented in Figure 4.237 showed little variation. However, on 

average there was a 10% decrease in the impact strength of these mouldings compared to 

‘good’ quality 500 micron powder (refer Figure 4.209). The results obtained for the surface 

porosity were unusual, as illustrated in Figure 4.238. These powders produced relatively poor 

quality parts in terms of how they moulded around the range of features on the mould.
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Figure 4.235 The effect of moulding powder and regrind on the internal air temperature of the 

mould.
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Figure 4.236 The effect of moulding powder and regrind on the percentage shrinkage.
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Figure 4.237 The effect of moulding powder and regrind on the impact strength (J/mm2).
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Figure 4.238 The effect of moulding powder and regrind on surface porosity.
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5.0 Conclusions

In summary the conclusions from this research can be divided into two main areas. The

first concerns itself with the means by which to achieve consistent ‘good’ quality powder,

whereas the second area focuses on ways of maximising the throughput rate. In light of this

the following conclusions may be drawn.

1. Powder quality improves as the processing temperature increases and best quality 

material was obtained at the maximum permissible processing temperature.

2. Powder quality is also dependent on the cooling rate. Cooling the powder slowly after 

grinding improved the dry flow and bulk density values.

3. Powder quality characteristics were found to vary over time due to the aging process. 

This involves the relaxation of the molecular structure and the rate of which depended 

on the thermal history of the powder.

4. The temperature in the system is generated by impacting and shearing the pellets in the 

grinding zone between the plates.

5. A time period is required by the grinding system to reach an equilibrium output rate for 

any given set of processing conditions. This was shown to be dependent on the total 

throughput and the processing temperature.

6. Screening efficiency was reduced when the quality of the particles entering the feed 

stream was poor. The presence of ‘tails’ prevented those near-mesh size particles from 

passing through the screens.

7. The size range of particles in the feed was found to influence the screening efficiency. 

A decrease in the size of the particles reduced the efficiency of the screening process 

with the result that a higher percentage of undersize particles were circulated in the 

regrind stream.
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8. Decreasing the pellets size was shown to increase the throughput rate and lower the 

processing temperature. Smaller pellets were easier to grind shown by a drop in the 

load of the mill motor.

9. The pellets size was observed to determine the section of the grinding zone over which 

it was reduced in size. A decrease in the pellets size meant that less of the grinding 

zone was used for size reduction as they were ground further towards the outer 

diameter.

10. The grinding zone was observed to be divided roughly into three sections.

11. The pellets were observed to be ground by a process whereby the diameter of the 

pellet was reduced across the grinding zone as shavings were removed from the 

surface.

12. The rate of regrind and its temperature was found to have a detrimental effect on the 

throughput rate. The regrind raised the temperature of the grinding head thereby 

limiting the throughput rate.

13. The powder output rate was decreased as the gap size for widened. The drop resulted 

from an increase in the total throughput due to the rise in the rate of regrind and its 

effect on the processing temperature.

14. The angle of the rotating grinding teeth determined the length of the grinding zone 

over which the pellets were reduced in size. An increase in the angle was shown to 

produce larger particles, and vice versa.

15. Grinding with rotating teeth cut at a forward angle produced smaller particles 

compared to the regular plate and the opposite effect was found for back angle teeth 

where larger particles were produced.
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16. Operating the grinder under closed circuit conditions reduces the power consumption 

compared with a similar powder output rate under open circuit conditions. This 

resulted from the difference in the total throughput due to the rate of regrind.

17. Static plays a role in limiting the overall throughput rate, since it reduces the screening 

efficiency. It was also found to alter the particles size distribution of the powder 

sample during sieve testing.

18. Ambient conditions have a large influence on the grinding process. The maximum 

throughput rate was shown to be limited by the temperature of the air and pellets.

19. Improvements in powder quality were found to reduce surface porosity on moulded 

parts and enhance the mouldability of the powder around intricate features.

20. The impact strength was very similar for micro-pellets and powders moulded from the 

same grade of polyethylene. The only significant difference in the quality of the 

moulded parts was the increase in the size of the surface pores for micro-pellets.

21. The surface porosity on parts moulded from micro-pellets was improved by the 

addition of fine particles. The average number of pores was increased and the average 

pore area was decreased by 75%. However, this was found to have a detrimental effect 

on the impact properties which dropped by 17% when 15 percent fines were added.
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6.0 Further Work

Several areas of this work require further investigation:

1. The area of classifying and screening powders needs to be investigated. There are a 

number of variables in the screening operation that may be used to optimise the 

screening efficiency of the process, such as the screen cloth, method of feed and 

vibration amplitude and frequency, etc.

2. A closer look at what happens the pellet in the grinding zone is needed involving 

mapping the path taken by the pellet across the zone.

3. A theoretical model of the process is needed to predict the effects of such as variables as 

the gap size, number of teeth and the pellet size and shape, etc., on the particles size and 

the throughput rates.

4. The design of the grinding plate and the cutting teeth needs to be explored further with 

the aim of improving throughput rates whilst maintaining ‘good’ quality powder.

5. The effects of different pellet size on the throughput rate was only investigated for three 

extreme sizes. Further work is needed using a pellet size scale and shapes that match the 

capabilities of polymer suppliers.

6. The areas of grinding plate design, pellet size and shape lend themselves to the field of 

design of experiments. Such an approach would relate valuable information on the effect 

of these variables on the throughput rates and powder quality characteristics.

7. This work focused mainly on two grades of polyethylene. A wide variety of polyethylene 

grades exist from different polymer manufactures all of which behave differently during 

the grinding process. Further investigation into other grades is necessary to fully explore 

this area
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8. Improvements in the throughput rate are achievable by cooling of the regrind material.

Methods of cooling the regrind before feeding it back to the grinding head need to be 

assessed.
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APPENDIX A

Test Mill Speed 
(rpm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

VV9 3060 0.35 360 New Medium
W1 4500 0.35 360 New Medium
W2 5500 0.35 360 New Medium
W3 6250 0.35 360 New Medium

Table 3 1 Tests to measure the effects of Mill Speed (LLDPE)

Test Mill Speed
(rPm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

W3 6250 0.35 360 New Medium
W4 6250 0.65 360 New Medium
W5 6250 0.85 360 New Medium
Wll 6250 1.1 360 New Medium
W12 6250 1.5 360 New Medium

Table 3.2 Tests to measure the effects of Gap Size (LLDPE)

Test Mill Speed
(rPm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

W4 6250 0.65 360 New Medium
VY6 6250 0.65 360Old (worn) Medium
W7 6250 0.65 480 New Medium
W8 6250 0.65 240 New Medium

Table 3.3 Tests to measure the effects of Number of Mill Teeth (LLDPE)

Test Mill Speed 
(rpm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

W13 6250 0.65 360 New Low
W14 6250 0.65 360 New Medium
W15 6250 0.65 360 New High

Table 3.4 Tests to measure the effects of Feed Rate (LLDPE)
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Test Mill Speed 
(rpm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

W 16-Cycle 1 6250 0.65 360 New Medium
W 17-Cycle 2 6250 0.65 360 New Medium
W 18-Cycle 3 6250 0.65 360 New Medium

Table 3.5 Tests to measure the effects of Recycling Material (LLDPE)

Test Mill Speed 
(rpm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

W19 6250 0.65 360 New Medium
W20 6250 0.65 360 New Medium
W21 6250 0.65 360 New Medium
W22 6250 0.65 360 New Medium
W23 6250 0.65 360 New Medium

Table 3.6 Tests to measure the effects of Processing Temperature (LLDPE)

Test Mill Speed 
(rpm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

HI 3050 0.45 360 New Medium
H2 4500 0.45 360 New Medium
H3 6250 0.45 360 New Medium

Table 3.7 Tests to measure the effects of Mill Speed (HDPE)

Test Mill Speed
(rpm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

H4 6250 0.35 360 New Medium
H3 6250 0.45 360 New Medium
H5 6250 0.65 360 New Medium
H6 6250 0.85 360 New Medium
H7 6250 1.1 360 New Medium
H8 6250 1.5 360 New Medium

Table 3.8 Tests to measure the effects of Gap Size (HDPE)
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Test Mill Speed 
(rpm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

H3 6250 0.45 360 New Medium
H9 6250 0.45 240 Medium
H10 6250 0.45 480 Medium

Table 3.9 Tests to measure the effects of Number of Mill Teeth (HDPE)

Test Mill Speed 
(rpm)

Gap Size 
(mm)

No. of
Mill Teeth

Feed Rate

HD1 6250 0.65 360 New Medium
HD2 6250 0.65 360 New Medium
HD3 6250 0.45 360 New Medium
HD4 6250 0.45 360 New Medium

Table 3.10 Tests to measure the effects of Processing Temperature (HDPE)1

1 Samples were taken during each test with increasing temperatures.
284


