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Summary

A combination of theoretical and experimental studies have been carried 

out to investigate the mechanisms of heat transfer during the rotational 

moulding process for plastics. A computer simulation was developed in 

order that a fundamental understanding of the interaction between 

biaxial motion, powder properties, mould materials and forced convective 

heating could be obtained. Temperature measurements were made during 

moulding trials using an insulated datalogging device to verify the 

findings of the computer simulation.

These measurements were found to maintain a consistent form, regardless 

of mould material and thickness, oven temperature or polymer material 

and thickness. It has been established that changes in the internal air 

temperature can be used to pin-point when all the material has adhered 

to the mould and when all the material has subsequently crystallised.

Optimum properties of medium density polyethylene were measured for 

changes in moulding parameters and correlated with maximum temperatures 

achieved inside a part during moulding. Degradation of the inner surface 

of a part has a critical effect on its final service performance. The 

moulding and testing trials have shown that this can be avoided by 

ensuring that the temperature inside the wall of a part does not rise 

above 200°C (MDPE).

Finally, a device has been developed to allow the real time measurement 

of temperatures inside a mould during processing. Signals transmitted 

from a remote device within the oven permit true process control for 

rotational moulding to become a reality for the first time.
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Chapter 1 

Introduction

The rotational moulding process is often referred to as a process with 

great potential and freedom in design [1-13]. Although frequently 

regarded as something of a fringe process, there exists an infectious 

enthusiasm and expectancy for the process within the rotational moulding 

industry. This has ensured that it has grown steadily both in scope and 

polymer consumption [14,15]; a growth which has persisted even during 

periods when other processes have suffered.

It is perhaps the apparent simplicity and self-regulating nature of 

this closed moulding system that has fascinated many who have come into 

contact with it. Freedom from many restrictions and limitations imposed 

by other plastics processes allow more complex and ever larger parts to 

be produced. Relatively low mould and machinery costs make it a serious 

alternative to blow moulding, or even injection moulding in some cases 

[7,16].

However, development of the process has been limited mainly to 

moulders’ experiences and a handful of technical reports written over a 

period of many years. Other plastics processes such as injection and 

blow moulding are state-of-the-art in terms of available machinery and 

process control that is achievable. Meanwhile, rotational moulding 

maintains much the same approach and machinery, albeit upgraded, as it 

did twenty to thirty years ago. The levels of research applied to each 

process certainly reflects the size of market and tonnages involved.

1



However, for rotational moulding this is at last changing with the 

setting-up of both the Rotational Moulding Development Centre (RMDC) [3] 

at The University of Akron, Ohio in the USA and the UK Science and 

Engineering Research Council initiative at Queen's University in 

Belfast, N.Ireland.

1.1 Rotational moulding

Rotational moulding is a process best suited to producing hollow, 

seamless plastic articles. It consists of the following stages [17-22], 

see figure 1.1: (i) powdered or liquid polymer is placed in one half of 

a hollow metal mould (the mould having been suitably prepared with a 

release agent to prevent the polymer sticking). The amount of polymer 

required is determined by the thickness of the article to be produced 

and since the internal surface of the mould represents the outer surface 

of the article, the surface area can be calculated and hence the volume 

of material required. Additives such as dry-blending pigment, 

anti-oxidant or blowing agent can also be added at this stage.

(ii) the mould halves are then securely closed together by either quick 

release clamps or bolts suitable for high-speed pnuematic fastening. A 

vent-pipe is usually incorporated in the mould to allow an equilibrium 

in pressure between the internal air of the mould and the oven. The 

cross-sectional area of the vent will usually vary according to the 

enclosed volume of the mould; for small diameters, PTEE tube is common, 

whilst larger diameters usually require steel piping, (iii) the mould is 

then indexed to an oven area for heating whilst rotating bi-axially in 

two perpendicular planes. The duration of heating and the oven 

temperature are most often arrived at by trial and error, based on
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moulding experience. The ratio of rotation between the major and minor

axes of rotation is also usually based on past experience for different 

shapes of mould. This part of the cycle has often been seen as 

the longest part of the cycle, with the other stages adjusted to suit 

accordingly. Nowadays, however, it has become less important, with more 

efficient machinery allowing faster heating and more control of final 

part properties being exacted during the cooling cycle.

Heating combined with the bi-axial motion distributes the powder/liquid 

completely and evenly over the inner mould surface. In the case of 

powder, the pool of material gradually adheres to the hot surface of the 

mould. The structure of the part remains quite porous on the inner 

surface until all the powder has adhered. Continued heating at this 

stage allows consolidation of the material to a molten solid. Heating 

stops at a point which produces suitable consolidation and before 

detrimental effects such as degradation or oxidation are caused by over 

exposing the polymer to high temperatures.

(iv) after the part has been cured to a suitable level, the mould is 

indexed to a cooling area. Cooling is performed by air, water spray or 

water shower. The combination of these can be quite critical in 

determining the final part strength, warpage and shrinkage. Too fast a 

cooling regime will cause stresses to be frozen into the part which will 

cause warpage and distortion. Too slow will be inefficient and may not 

be practicable due to the duration of the heating or load/unloading 

cycles.

Air is most commonly used first to bring the part into a solidified 

state. This is then followed by a shorter period of water spray to bring 

the part quickly down to a de-moulding temperature.
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(v) once at a suitable temperature for easy handling, the mould is moved 

to the loading/unloading area and the part is removed for finishing.

1.2 History and development of rotational moulding

A patent search on behalf of the Bowater Packaging Co. produced the 

earliest reference to a moulding process closely related to the 

principles of rotational moulding used today [23]. This was a technical 

paper from Dresden dated around 1780-1790 which described a process for 

producing hollow china figures in a mould which was heated from the 

outside and moved in a rock and roll motion to provide even coverage.

A further, detailed description of rotational moulding dates to 1855 

with a patent taken out by Peters [24]. This involved a rotating 

mechanism producing "two centrifugal motions at right angles to each 

other" by means of bevelled gearing still typical of most modern 

machinery. This used "molten metal,or other materials" as the moulding 

material. A version including a polymer was described in Voelke's 1905 

patent [25] for the production of articles using paraffin wax. 

Development continued with the production of chocolate eggs and rabbits. 

In 1920 Powell [24] made mention of the commonly used ratio of 4:1 

between major and minor axes of rotation.

With the introduction of "slush" moulding of liquid PVC plastisols in 

the early 1940's [26] rotational moulding in its modern form was born. 

Vinyl plastisols, as used in children's toys, display items and novelty 

goods, were the only materials available in bulk for quite some time. It 

was not until the mid-1950's and early 1960's when U.S.I Chemicals 

developed their 'Microthene' low-density polyethylene powders [27,28] 

that rotational moulding was able to expand into broader applications.
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m'his event was primarily due to the introduction by Pallman of a method 

for grinding polyethylene to a powder at moderate temperatures, so 

eliminating the expense of cryogenic techniques. Availability of cheap 

versatile material meant increased development so that tanks in the 

range of 400-1000 gallons capacity were being produced prior to 1959 

[23].

During the 1960's the toy-industry was the largest market area for 

rotationally moulded products, one piece hobby horses being a major 

demonstration of the complex shapes that rotational moulding could 

attain. However, information on technical aspects such as cycle times, 

effects of wall thickness and part shape was scarce or non-existent and 

producing a good part depended, as in most cases today, on the skills of 

a good operator. Combine this with a plastics-industry attitude which 

saw rotational moulding mainly as a method for imitating other plastics 

processes [29] and it becomes easy to see why development was slow.

With the spread of polyethylene products, other material manufacturers 

began research into the use of new materials so that most thermoplastics 

and many of the so-called 'engineering' plastics are now available to 

rotational moulders.
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1.3 Materials

The range of polymers now available to rotational moulders is 

extensive. To be suitable for rotational moulding a material must 

exhibit easy flow, good heat transfer and melting (usually in a powder 

form) and good heat stabilisation to survive prolonged exposure to heat 

in an oxidative atmosphere. Table 1.1 lists many of the available 

materials:

(a) polyetheylenes - LDPE LLDPE LMDPE MDPE HOPE XLPE

(b) polypropylene

(c) nylons &, 11, 12

(d) polycarbonate

(e) Ethylene Vinyl Acetate (EVA)

(f) Ethylene Buthyl Acrylate (EBA)

(g) Polyester elastomer (Hytrel)

(h) Acrylonitrile butadiene styrene (ABS)

(i) Impact styrene (rubber modified)

(j) Polystyrene

(k) Nitrile rubber (Hycar)

(l) Acetal coploymer (Celcon)

(m) ECTFE (Halar)

(n) Polybutylene

(o) PVC

(p) PVDF

Table 1.1 Rotationally mouldable materials.
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Polyethyienes [30-32] constitute the bulk usage in rotational moulding. 

They provide a very wide range of properties in combination with ease of 

processing and low cost. The range is produced by several major methods 

[33,34] which involve the polymerisation of ethylene, co-polymerisation 

of ethylene-propylene, ethylene-butene or ethylene-octene and in'Some 

cases ter-polymerisation. Cross-linking polyethylene [35-38] is 

available as in-mould curing or post-moulding curing with silanes which 

react in the presence of water [39]. Physical improvements in 

polyethylene properties may also be gained by the addition of blowing 

agents, reinforcing fibres and multiple layers [40-45]. Anti-static 

agents produce materials which are suitable for use in potentially 

explosive environments [46].

Nylons 6,11 and 12 can all be rotationally moulded effectively [47-48] 

although nylon 6 requires an inert atmosphere to limit oxidation 

effects. They are also hygroscopic so that care must be taken in 

pre-drying to prevent bubbles and general property reductions due to the 

presence of water. As engineering grades they have excellent impact and 

rigidity characteristics, are compatible with hydrocarbon oils and can 

accept a painted surface finish. Processing can be achieved in some 

materials straight from a pelletised form removing the need for 

grinding. NYRIM material has also been shown to be rotationally 

mouldable [49]. This is introduced to the mould as two separate liquid 

streams, one of caprolactam and pre-polymer, the other of caprolactam 

and catalyst, which then react to form a nylon based co-polymer having 

adjustable properties.

Polypropylene is most commonly modified with rubber to enable it to be 

moulded. However, it is difficult to mould, being susceptible to
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degradation and in many cases the possible advantages it offers are not 

sufficient to justify it’s use in the place of say, polyethylene 

[50-52] .

Polycarbonate offers transparency with clarity and high temperature 

resistance. It has been successfully moulded for many years, 

particularly in the USA. As with nearly all the high performance 

materials it requires careful drying and the use of a nitrogen 

atmosphere to prevent discoloration due to oxidation. The main 

applications are for light globes and display signs [53-56].

ABS is currently receiving much research attention from the RMDC at 

Akron to try to overcome many of the difficulties found in producing 

good mouldings from this engineering grade. Degradation emissions 

include styrene which means that careful handling is required. It is 

commonly used in injection moulded housings and casings and if it could 

be rotationally moulded successfully would offer much potential [57-59].

Polyester elastomer (Hytrel by Dupont) is supplied in a range of 

flexible grades. It offers ease of processing with good chemical and 

abrasion resistance and impact and flexural strength. It is used in 

hydraulic accumulators and bladder-type applications [5, 60-62].

Flexible co-polymers such as EVA and EBA, like the polyester 

elastomers, exhibit good impact resistance at low temperatures and 

better abrasion and flexural resistance when compared to PE. They are 

typically used in marine buoys and inflatable wheels [5].

Fluoropolymers such as PVDF and ECTFE offer superb temperature 

resistance and chemical resistance. However, they are both expensive and 

more difficult to process than standard rotational moulding materials. 

ECTFE is particularly sensitive to over-cure but has been successfully
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moulded commercially, particularly in the USA. Cycle times tend to be 

longer than for polyethylenes. Applications include chemical containers 

requiring high purity levels and 'rotolining' of vessels (a two stage 

rotational moulding process where savings in cost are made by applying a 

thin layer of a more expensive high performance material which is then 

fused to a main outer shell of less expensive material) [63-65].

1.3.1 Powders

Most materials suitable for rotational moulding are processed from a 

powder form. Some, such as PVC plastisols, can be used as liquids, 

others, such as some nylons, can be used as granules due to their high 

flowability once molten.

Powders are produced most commonly by attrition grinding of resin 

pellets between two multi-tooth plates, which rotate at high speeds 

relative to each other. Particle size and shape are conrolled by the 

size of the teeth, the gap between the discs, the mill speed and the 

screening and recirculation of coarse fractions and removal of fines 

[66-69]. Section 2.1 covers powder properties in more detail.

1.4 Machinery

There is a wide range of machines that have been used with varying 

degrees of popularity for rotational moulding [22,70-75]. In each case 

the machine must provide the essential elements for rotational moulding, 

which are;
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1.4.1 Rotation

Bi-axial motion is used to distribute polymer evenly on the inside 

surface of the mould. It is provided by means of either variable speed 

drives or fixed-speed drives with interchangeable gears or chain 

sprockets. The motors drive a secondary 'plate' axis set at right angles 

to a main 'arm' axis. Transmission to the secondary axis is via a double 

concentric shaft arrangement through the arm connected to bevel gears. 

Two of the most common arrangements are shown in figure 1.2. This shows 

a straight and a dropped arm arrangement. In the dropped arm 

configuration a chain linkage between the concentric shafts and the 

bevel gears is also required.

A straight arm is used for multiple moulds with even weight 

distribution and ease of demoulding and the dropped arm is normally used 

for one large mould. The maximum size and weight of mould that can be 

mounted is limited by the arm capacity and the volume within which the 

mould can rotate. Figures 1.3(a) and 1.3(b) show 'free space' diagrams 

for straight and dropped arm configurations.

Speeds of rotation are slow, typically in the range 5 to 25 rpm and the 

ratio of rotation between the arm and plate ranges between 10:1 and 

1:10.

1.4.2 Heating

The aim of any heating method is to transfer heat uniformly to the 

mould in a controllable fashion. This should be performed quickly enough 

to ensure fast melting of the polymer but with sufficient control to 

prevent degradation.

10



Methods available for heating include:

1. Forced hot- air convection

Hot air ovens are the most commonly used in rotational moulding 

machines. These are in the main gas-fired, but oil-fired and electrical 

machines exist. Hot air is well suited as a heating medium as it is 

clean,simple and easy to use. Air under forced convection can provide 

good coverage and therefore almost uniform heating of all but the most 

complex of moulds. Baffles are used to direct the air flow over the 

mould(s) at high velocity to provide good heat transfer. Ovens are 

designed to allow operating temperatures in the range 200-490°C, 

although prolonged cycles at the upper end of this range can cause 

problems with lubrication.

2. Molten salt spray

Molten salt heating uses a non-corrosive eutectic mixture of inorganic 

salts sprayed onto the mould(s) to transfer heat. The heat transfer 

coefficient is much improved which allows the use of lower temperatures, 

typically between 230°C and 290°C. It is a much less common process than 

air heating as there are problems in recovering the salt and ensuring 

that mould parting lines are well matched to prevent salt entering the 

mould.
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3. Oil heated jacket {ovenless machine)

Oil jacketed moulds use a twin walled mould with hot oil pumped 

through the cavity to provide heating and chilled oil to provide 

cooling. Again contamination of the part can be a problem although good 

control can be achieved. These are most popular when a long production 

warrants the initial high cost of the mould and are in common use in 

Germany for the production of oil storage tanks.

4. Infra-red

Infrared heating uses electrical or gas-fired radiation heaters to 

provide quick and efficient heating. However, complex moulds can produce 

sheilding and subsequent non-uniform wall thickness distribution.

5. Open gas flame

Direct flame heating is used in small batch production but is limited 

really only to simple shapes and provides very little control.

1.4.3 Cooling
After a heating cycle the mould must be cooled to a temperature 

suitable for handling by the operator. The mould continues to rotate to 

prevent sagging of the polymer inside, and cooling carried out by forced 

air from a fan, water fog or mist or a water shower. A combination of 

these is most commonly used since air cooling will usually be too slow 

for economic reasons and water cooling will be too quick for reasons of 

part strength and finish.
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Cooling will normally be carried out in a separate chamber although 

some clam-shell machines combine both heating and cooling in a single 

chamber. Jacketed moulds simply circulate cool oil in place of hot to 

provide cooling.

Internal cooling can be used to provide more uniform cooling from the 

inner surface of the part and so help to control warpage. This may be 

particularly useful in obtaining uniform material properties in thick 

wall articles.

1.4.4 Systems for mould handling and moving

The many machine types available differ mostly in physical 

configuration. These include:

(a) multi-arm carousel

(b) rock and roll

(c) clamshell

(d) single arm carousel

(e) single fixed arm

(f) ferris wheel

(g) shuttle

(h) ovenless/jacketed mould type

(a) Multi-arm carousel

This is by far the most common machine in use today. It can take 

several forms with between 3 and 6 arms, either indexing together or 

independently. Figures 1.4 and 1.5 demonstrate the principles and 

layouts involved.
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(b) Rock and roll

This arrangement is less commonly used nowadays although many older 

machines are still in active use and several companies still produce 

them. The principle, as the name suggests, is to rotate a mould in one 

axis and to rock it back and forth in another axis which is 

perpendicular.

(c) Clamshell

This is a relatively new concept with the oven and cooling areas 

combined in an arrangement which opens like a clamshell. For demoulding 

the mould spindle rotates out of the 'clam1 to allow operators access to 

the moulds.lt is claimed to be more efficient than having two separate 

areas, both in terms of energy and floor-space, and permits good control 

of the process. The latest models allow for cooling outside the oven 

area and also for robotic loading and unloading.

(d) Single arm carousel

This machine is a common arrangement for prototype or laboratory style 

machines. One arm rotates back and forth between a heating area and a 

cooling area through a load/unloading station. It provides all the 

functions of multi-arm machines without the great demand for 

floor-space. See figure 1.6 (a).

(e) Single fixed arm

This is basically a shuttle type machine and is suited to very large 

applications (some with rotating dimensions in excess of 5m) where the 

mould is mounted on a rail system which rolls back and forth between the
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stations. See figure 1.6 (b).

(f) Ferris wheel

This is a three station machine where the moulds are indexed in a 

vertical plane as opposed to the horizontal motion of the carousel 

machines. It is more suited to small applications. See figure 1.7.

(g) Shuttle

Shuttle machines offer much in versatility, particularly in the 

arrangement shown in figure 1.8. Each set of moulds has a separate 

trolley which is shuttled back and forth in rotation using a turntable. 

Initial machine costs are higher but any combination of heating, cooling 

or loading stations can be selected and also as many mould carriages as 

required.

(h) Ovenless/jacketed mould type

Jacketed systems, as described above don’t require an oven or cooling 

station as both steps occur inside the mould itself. Initial machine 

costs relate therefore only to a system for rotating the moulds. Moulds 

represent the major investment.

1.5 Moulds

Moulds are thin-walled, light-weight and relatively low-cost in 

comparison with injection or blow moulding. The choice of material and 

method of production will depend on the size, complexity, surface finish 

required, number of moulds required and the production run anticipated 

[22,76-78].
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Materials used include, sheet steel, sheet and cast aluminium, 

stainless steel, cast and machined nickel, electroformed nickel and 

nickel-copper and cast and machined Be/Cu.

Cast moulds are most common when smaller,multiple moulds are required 

as they offer the best repeatability of form. Cast moulds also allow 

surface textures to be imparted to the mould. Fabricated sheet moulds 

are lower in cost and can offer very short lead times, suitable for 

prototypes. Fabricated moulds are used for larger moulds beyond the 

limits of scale for the casting processes available.

The thickness of the mould will depend mainly on the material chosen. 

Typically aluminium moulds are thicker than steel or other materials to 

compensate for lower strength. Table 1.2 shows typical thicknesses and 

the relative efficiencies of heat transfer as expressed by a unitless 

Fourier number for each material.

k

. = --------- tFourier
pci2

where k= thermal conductivity, p= density, c= Specific heat capacity 

and 1= thickness and t= time.

Although the thermal conductivity of aluminium is much higher than 

steel, when compared at the normal thicknesses found in rotational 

moulds the steel mould has a higher Fourier number.
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Material Thermal
Conductivity

Density Heat
Capacity

Thickness Fourier
Number

W/m2K kg/irf5 kJ/kgK m x 10-3 [unitless}t

Steel 47 7800 108 1.2-4.0 0.0387-0.0035

Stainless
Steel

17 7817 108 1.2-4.0 0.0140-0.0013

Aluminium 230 2787 198 6.0-10.0 0.0116-0.0042

Table 1.2 Mould material comparison

The thicknesses used in practice are affected also by the mould's 

ability to withstand the repeated thermal cycling found in rotational 

moulding. They are not normally designed to withstand pressure so that a 

vent pipe is usually incorporated to allow equilibrium between the oven 

atmosphere and the inside of the mould and to allow any unwanted 

emissions to escape.

Clamping of the separate mould halves is achieved by spring loading, 

toggle clamps or bolts. The mould halves may be hinged for ease of 

handling.

Many small moulds can be mounted on a single arm of a machine in what 

is called a 'spider' arrrangement. This allows all the moulds to be 

opened in one operation by removing securing bolts on the spider frame. 

The frame maintains a closing pressure on the moulds by a spring-loaded 

arrangement.

Parting lines are a critical part of the design of a mould. This is 

normally chosen about the largest dimension of the part to assist with 

removing the part from the mould. Several designs for the flanges along
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the mating line have been developed,such as tongue and groove or offset, 

to ensure good sealing and ease of location. Spider arrangements will 

normally include some form of protection to prevent inadvertent clashing 

of parting lines.

1.6 Advantages of rotational moulding

Some of the major advantages offered by rotational moulding are 

[22,25] :

1. Products can be hollow, seamless and virtually strees free with 

little or no waste scrap.

2. Mould costs are low. Rotational moulding is low pressure so that 

moulds do not have to be high strength and can be produced with lead 

times as short as 2-4 weeks.

3. Wall thickness is more uniform than processes such as blow moulding 

and thermoforming.

4. The process is suited to producing very large parts.

5. Different sized and shape moulds may be moulded simultaneously on 

the same machine, indeed on the same arm.

6. Good surface detail, textures or high gloss can be obtained.

7. Parts can be designed with little or no draft.

8. Metal inserts can be directly moulded into a part, for example 

bosses, oil tank fittings and bushes.

9. Double skinned parts suitable for insulating vessels and composite 

mouldings of two or three layers for improved barrier properties can 

be produced.
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1 7 Disadvantages of rotational moulding

1. Materials suited to rotational moulding are more limited than for 

other processes.

2. Material costs are higher due to the cost of grinding pellet 

feedstock to a powder form.

3. It is not as ecomonic as injection or blow moulding for large scale 

production of small parts.

4. Cycle times are somewhat longer than other processes.

5. Labour is intensive as loading and unloading is primarily manual.

6. bosses or solid ribs for stiffening cannot be moulded.

1.8 Products

The range of products rotationally moulded today is enormous. These 

range in size from storage tanks of many thousands of litres capacity to 

small toys for chidren. Domestic oil tanks, road furniture, pallets, 

container systems of all types, refuse bins, light globes and many other 

represent some of the major markets covered by rotational moulding.

Many articles on individual products exist [25].
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Chapter 2 

Literature Review

There are several main themes to be found in the technical literature 

available. These are covered in the following sections.

2.1 Powder properties

Powder properties such as particle size distribution, particle shape, 

bulk density and pourability are required to quantify fully a powder's 

suitability for rotational moulding. However, despite the mature nature 

of the process, there are relatively few guidelines for determining this 

suitability [79]. A desirable particle is one that will readily flow 

into sharp angles, undercuts or ribbing within a mould and melt to a 

bubble-free state with a minimum of heat [18].

2.1.1 Particle shape

Particle shape will have major effects on the heat transfer and flow 

characteristics of the powder mass. Rao and Throne [20] compared the 

surface to volume ratios of various shapes as a measure of the 

efficiency by which heat would transfer into the particle interior.In 

the case of convective heating at the surface, for a flat sheet of 

thickness R, the ratio is 1/R. For a cube of side R, it is 6/R and for a 

sphere it is 3/R. However, for contact conduction, if only one portion 

of the particle is in contact with the heated surface the ratios become; 

1/2R for a flat sheet, 1/R for a cube and zero for a sphere. Thus, the 

more spherical a particle becomes the smaller the area for contact heat 

transfer becomes.
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Shape also plays an important role in the flow characteristics of the 

powder during rotation. Flat particles, such as flakes or cubes, will 

alternately slip and stick on the rotating surface. Particles with tails 

and therefore large aspect ratios (L/D) cause particular problems in 

flow and trapping of air in the final part. Spheres would produce the 

best flow properties.

Although it is possible to produce mouldings of varying quality from 

any of the range of typical particle shapes, from the above analysis it 

is recommended that the most desirable shape of particle is a cube with 

generously rounded corners.

Throne and Sohn [79] later examined the shape of particles with respect 

to shape factors.They used computer aided scanning of photographs of 

particle samples to analyse the elongation ratio {length/breadth), 

circularity, chunkiness (breadth/length) and roundness factor (radius of 

sharpest/ longest corner). The powders examined all demonstrated similar 

shape factors. The factors also appeared to be independent of particle 

size.

2.1.2 Particle size distribution

Particle size and the distribution of size within a powder mass is 

affected by the MFI of the polymer, the grinding settings and the 

selective sieving chosen after grinding. Typical rotational moulding 

powders are referred to as having a particular mesh size, defined as the 

minimum sieve size through which 95% of the powder will pass.

There are physical limits to the size of particles. At the lower end, 

the grinding of particles below 150 microns (100 mesh) leads to

29



excessive material losses and can seriously affect the final properties 

of the material once moulded; small particles will also agglomerate more 

easily due to static build-up and premature fusing in the powder pool 

[18]. At the upper end, too large a particle will require too long a 

heating cycle, trap larger pockets of air and may not fuse into adjacent 

particles properly. The most common range in use is 500 micron (35 mesh) 

which affords a compromise between grinding rates and the fusion 

characteristics of the polymers.

A size distribution to produce the best results has not been 

established. However, it is known that a distribution skewed towards the 

larger particles below 500 microns (such as figure 2.1) will produce 

mouldings of good quality. This represents a powder with medium to large 

particles lubricated by a proportion of smaller 'fines'. This proportion 

is not easily definable, indeed it may not be definable, but is 

desirable for ease of flow and for good surface reproduction.

DSM [80] conducted moulding trials with sieved fractions of coloured 

powders. This demonstrated the natural separation process whereby 

smaller particles adhere to the mould wall first and larger particles 

remain until they melt at the inner surface. They proposed that this 

could have particular benefit for distributing additives such as heat 

stabiliser and colour preferentially. Further, moulding studies on 

powders with the larger particles boosted with heat stabilisers showed 

that the characteristic drop-off in cold temperature impact strength due 

to internal oxidation could be delayed.

Scott [25] presented particle size distribution data with a skewed 

distribution peaking at 290 microns and only 5.5% of the powder less 

than 100 microns in size. Throne and Sohn [79] used several different
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methods to record data for five powders. All the powders exhibited a

skewed distribution, all different, but all apparently suitable for 

moulding.

2.1.3 Bulk density and pourability

Both bulk density and pourability are related to particle size 

distribution and particle shape [69,46]. Irregular particles with many 

tails will not flow or settle well so that the powder is fluffy with a 

low bulk density and the dry flow rate is poor or non-existent. Good 

flow and high bulk density are attributable to clearly-cut particles 

with few tails and a limited percentage of fines.

The effect of packing powders by tamping was examined by Throne and 

Sohn. The height of the powder made little effect on the relative 

compaction of the material.
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2.2 Processing considerations

2.2.1 Ratio of rotation

Rotation of the mould should ensure that all parts of the mould are 

repeatedly in contact with the powder mass during heating. Much work has 

been done [18,20,22,81,82], mainly by machinery manufacturers, to 

determine the correct ratios and speeds which produce even wall 

thickness distribution for a range of part-shapes.

The main reference used for setting the ratio of speeds between the 

major (arm) axis and the minor (plate) axis is the McNeil [82] chart. 

Shown in Table 2.1, this gives guidelines for various mould shapes and 

settings. The actual value used will depend to a large extent on trial 

and error. As a rule, most rotational moulders will initiate trials on a 

new mould with a ratio of approximately 4:1 (the actual speeds will 

range from 1 to lOrpm). Many will only change this if obvious and severe 

problems in distribution occur.

The rates of rotation can induce differential accelerations across the 

surface of a given mould. It is recommended [20] that no portion of the 

mould be placed over the centreline of the polar (plate) axis. In this 

position powder is affected only by polar rotation, at the outer edges 

of the mould the radial acceleration is a maximum. Since plate speeds 

tend to be slow, the differences in radial acceleration across a mould 

may be large enough to have an effect on the distribution.
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Ratio Shapes
Typical axis speeds 
Arm Plate

8 to 1 Oblongs (horiz. mounted) 8 9
Straight tubes

5 to 1 Some defroster ducts 5 6
4.5 to 1 Balls or globes 8 9.75
3.3 to 1 Any shape showing overlapping 10 12.25

lines of rotation at 4 to 1 12 14.5
4 to 1 Cubes, balls, odd shapes 8 10

Rectangular boxes, horses with 10 12.5
bent legs.

2 to 1 Rings, tyres, balls 6 9
Any rectangle which shows two 8 12
or more thin sides when run
at 4 to 1.
Picture frames. Mannikins, 10 15
Round flat shapes.
Horses with straight legs 12 18
Auto crash pads (vert, mount)

1 to 2 Parts which should run at 5 15
2 to 1 but show thin side walls

1 to 3 Flat rectangles (gas tanks. 4 15
suit cases, tote bin covers) 6 22.5

1 to 4 Tyres, curved air ducts. 4 20
Pipe angles, flat rectangles 5 25
Balls whose sides are thin at 6 30
4 to 1, vertical mounted
cylinders.

1 to 5 Vertical mounted cylinders 4 24

Table 2.1 Rotation speeds for typical shapes (McNeil Akron Corp.)
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2.2.2 Cycle times

The durations.of both the heating and cooling cycles are invariably 

achieved by trial and error based on prior experience with parts of 

similar size, wall thickness etc. Initial guides will be provided by all 

material manufacturers as a starting point. Proper evaluation of these 

times is crucial in achieving a successful moulding.

The heating cycle may be divided into two parts [18,83]. Figure 2.2 

shows the various stages of a moulding cycle. The first is the induction 

or build-up time which is defined as the time required for the mould to 

reach the melting temperature of the resin [84]. The second stage is 

called the fusion time, ie: the time required to cause the powder to 

adhere to the mould and totally fuse the resin.

Ramazzotti [18] lists, in order of influence, parameters which affect 

both the induction and the fusion time. These include for the induction 

time:

1. heat transfer medium (conduction or convection)

2. Oven temperature

3. melt temperature of the resin

4. velocity of heating medium

5. mould wall thickness

6. mould surface to volume ratio

7. Oven recovery time 

and for the fusion time:

8. wall thickness of part

9. oven temperature

10. velocity of heating medium

11. mould surface to volume ratio
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12. particle size of resin

13. niould heat capacity

14. resin melt temperature and heat of fusion

Each of these parameters are examined in turn and their relative 

importance established. Part wall thickness will have a dominant effect 

on the overall cycle time, and many charts for processing are related to 

this [18,21,25,83]. Changes in oven temperature can have a considerable 

effect on the cycle time, increases in fusion rate of 30% for a rise in 

temperature from 400 to 600°F (204-316°C). Several authors provide 

experimental data or guides to selecting the oven residence time 

[ 13,85,86].

Cooling has recently received much attention as a means for better 

control of final part properties. Cooling is the part of the cycle that 

can build in stresses [86,87], In fixed arm machines the overall 

duration of the cooling period for a particular arm is most often set by 

the heating time of the current arm in the oven; as opposed to 

vice-versa. Independent carriage arms allow more flexibility.

No data is given for establishing actual cycle times for cooling. The 

common methods are forced air and water mist or shower. The actual 

effectiveness of any given machine set-up will depend on the cooling air 

speed, the extraction system (if any) and water droplet size. Guides are 

given to the extent of the problems that may be faced by cooling too 

quickly or too slowly [87]..For semi-crystalline materials, such as 

polyethylene, cooling too fast will reduce the part density by 

increasing the amorphous content and simultaneously increase impact 

strength and flexibility [18,84]. Cooling too slowly increases the
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crystalline content hence increasing density and reducing impact 

strength.

2.3 Melting, bubbles and consolidation

As particles of powder stick and fuse together to form a solid mass, 

their irregular shape and random packing allows small pockets of air to 

become entrapped. No pressure is involved, so that the bubbles are not 

forced from the melt. This entrappment is characteristic of rotationally 

moulded parts. Scott [25] presents an excellent review of the subject 

which covers industrial thinking on the subject; his own work then 

produces experimental data to support an alternative approach.

Powder densification for rotational moulding was first considered by 

Rao and Throne [88]. Their analysis was developed from experience in 

metal sintering and glass densification. They break down the process 

into two stages:

(i) The powder particles stick or fuse together at points of contact. 

This is termed sintering and produces a porous three dimensional 

network.

(ii) At some point, as viscous forces dominate, the network collapses 

and begins to form a solid melt. This is called densification. They 

developed a model which could describe the coalescing of the particles 

based on glass sintering models. The collapsing structure traps voids 

between particles as bubbles of gas.

In later articles Progelhof, Cellier and Throne [89] and Ribe,

Progelhof and Throne [90] studied the melting and collapsing process 

using simulation experiments on a hotplate. By using a glass ring to 

enclose the powder they were able to observe the process in detail. The
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voids appear to be the result of bound inclusions of the spaces between 

the particles and the most striking point was the slow movement of the 

voids to the free surface. (Prior to this it had been assumed that the 

voids/bubbles were removed by this movement.) They also examined the 

melting and coalescing of HDPE and acrylic microspheres to verify the 

models that had been developed earlier. Heat from the hot-plate caused 

the bottom parts of the lowest spheres to soften and distort; the upper 

parts then soften and were in turn deformed by harder spheres above.

This process continues with the voids being filled by viscous flow 

rather than necking as described in sintering. They concluded that 

material flow caused by lower viscosity may also be a significant factor 

in the mechanism that occurs in the densification process of rotational 

moulding.

Kelly of Dupont [91] proposes an alternative view. He suggests that 

bubbles are trapped in the polymer during melting and decrease in 

diameter as the melt temperature increases. The bubbles are formed as 

particles coalesce and trap air pockets between them. Once formed they 

do not move in the melt, rather, they physically dissolve. Oxygen, with 

twice the solubility of nitrogen in polyethylene, dissolves first and is 

also depleted by oxidative reaction. The laws of surface tension dictate 

that the pressure inside the bubble increases as the diameter decreases. 

This accelerates the dissolution of the gas (mainly nitrogen) and the 

bubble eventually disappears.

Crawford and Scott [92] also carried out hotplate tests on powders, 

using video equipment to record and examine the processes of melting in 

detail. They based the conditions on earlier measurements made during 

actual moulding trials [93]. Vaccuum dried powders confirmed that
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solvent residue or moisture were not involved in the formation of 

bubbles. The video recording allowed the formation and subsequent 

dissolution of bubbles to be recorded and modelled. They describe the 

melting and collapse of the powder as heat is applied from the base as 

'..two bulk movements: the progression of the melt front through the 

powder mass to the free surface and the collapsing of powder particles 

into the melt. It is the latter that tends to trap the air.’ See figure 

2.3. A force analysis on a typical bubble shows that the apparent 

viscosity of the molten polyethylene is so large that the buoyancy 

forces acting on it are insignificant.

They also state that the gas will diffuse into the surrounding polymer 

mass and produce bubble measurements to support this. Figure 2.4 shows 

the change in bubble diameter vs temperature for a range of bubble 

sizes. The rate of decrease is affected by temperature, heating rate and 

initial bubble size.

The initial size of the bubble has a significant effect on the rate at 

which it dissolves as the surface area-to-volume ratio is inversely 

proportional to the diameter. They also found that this initial size was 

dependent on the size of the particles and that the number of bubbles 

was dependent on the particle size distribution and the MFI of the 

material.
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2.4 Part properties

The effect of temperature and time during processing can have marked 

effects on the properties of the finalpart. Figure 2.5 shows how 

typical properties change with oven time [25,94,95]. At some point there 

will be a detrimental change; this marks the boundary between 

under-fusion and over-fusion. Density will reach a maximum just before 

over-fusion. MFI starts to decrease whilst the part is still 

under-fused. Cold temperature impact drops most dramatically and 

normally defines the point for optimum properties.

Both MacAdams [95] and Schrijver [80] attribute this drop to the 

formation of a brittle waxy layer on the inner surface which acts as a 

crack initiation zone. If the layer is removed the impact properties are 

retained. This 'wax’ is a result of oxidative breakdown of the polymer; 

heat stabilising additives will absorb the free radical chains produced 

by oxidation up to a point [30]. Beyond this point there is uncontrolled 

chain breakage and cross-linking which changes the structure of the 

inner surface material.

Scott [25] presented cold temperature data for a range of heating times 

and concludes that it was safer to aim for a slight under-fusion than 

risk the rapid loss of properties associated with slight over-fusion.

Tomo [21] also correlated MFI and cold temperature impact strength. His 

data showed that the maximum impact point corresponded with a minimum on 

the MFI curve (see figures 2.6(a) and 2.6(b)).

2.5 Shrinkage and warpage

Since rotational moulding utilises no internal pressures to force the 

plastic to take the shape of the mould, the final part will tend to pull
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away from the mould during cooling. For this reason, large flat panels 

are to be avoided [22,76] as residual stresses can be induced in part 

walls and hence cause warpage. This can be particularly acute in highly 

crystalline materials.

Fast cooling rates are more likely to induce warpage by 'freezing' 

stresses within a part. Section 2.2.2 examines the effects of cooling 

rates. These stresses will cause warpage where part design will allow 

it. Much work has been done at the RMDC at Akron [96-103] to 

characterise the mechanisms of both shrinkage and warpage in 

rotationally moulded parts.

Comparisons have been made between the relative rates of cooling 

achieved during ambient, forced air and water cooling. Moulding trials 

were performed on box moulds and subsequent measurements made. The 

cooling regimes have then been correlated with part density and 

crystallinity. They found that the density varied according to (in 

descending order):

1. compression moulded - slow cooled in mould

2. rotomoulded - room temp ambient cool

3. rotomoulded - fan blow

4. rotomoulded - water shower

5. compression moulded - water quench

HDPE showed much larger density differences (which accounts for its 

tendency to warp) than LMDPE and LLDPE.

Warpage was found to be greatest in water cooled parts and least for 

slow cooled parts. As part thickness increased so too did the warpage. 

The faster the rate of cooling the more warpage was induced by 

differential cooling rates across the part wall; this was supported by
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greater warpage being exhibited in parts from a steel mould than from a

thicker aluminium mould.

On slowly cooled samples, the shrinkage increases with decreasing melt 

index, due to probably increasing elastic effects associated with rising 

molecular weight. However, the water shower cooled samples are 

independent of the melt index because rheological shrinkage cannot occur 

at high quenching rates [98].

Internal pressurisation has been proffered as a solution to reduce 

warpage [102], At pressures above 69 kN/m2 (10 psi) warpage 

dissappeared; cooling cycles could be reduced without warpage in the 

part by maximising resin contact with the mould.

2.6 Polymer heat transfer models
Heat transfer in rotational moulding deals with a complete cycle of 

heating, melting, shaping and cooling of powdered or liquid materials 

inside a mould. Other processes, such as blow and injection moulding, 

begin with a molten polymer which is shaped and cooled in the mould. 

Convective heating, powder flow and heat transfer across moving or 

melting interfaces are among the additional problems which must be 

addressed in modelling rotational moulding.

The first models were for the cooling of polymers. This was first 

undertaken by Ballman and Shusman [103] in 1959. Incorporation of the 

latent heat of crystallisation was presented by Gloor [104]. This was 

accommodated by converting the latent heat of fusion to an equivalent 

temperature, Te:
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<5H
(2.1)

1

Te = —
Cp

where 5H is the latent heat of fusion and Cp is average specific heat 

over the crystallisation range. During calculation, the temperature of 

any element in the system was delayed during cooling at the 

solidification temperature until the equivalent temperature was reached. 

The solidification temperature was varied to allow for changes due to 

differences in cooling rates across the sample. This method is more 

suitable for sharper melting point materials, it is less accurate for 

polymers that have broad melting ranges [105].

Kenig and Kamal [106] used an explicit finite difference solution 

technique to solve the heat conduction equation for cooling of polymer 

melts. They introduced temperature and pressure dependent material 

parameters, and used constant but different data for the amorphous and 

crystalline phases of the polymer. The method did not take into account . 

the latent heat of crystallisation.

Gutfinger et al [107] used a similar method to Dusinberre [108] to 

account for latent heat effects. This used a specific heat term which 

was variable over the crystallisation range. Their model included 

density and thermal conductivity values which varied with temperature to 

describe the solidification of a melt between two plates.

Crystallisation kinetics were incorporated into the heat conduction 

equation by Sifleet et al [109] as a heat generation term;
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oT ST2 Q
— = a— + — (2.2)
St Sx2 pC

where 5a
Q = PH — (2.3)

St

So
— is the rate of change of crystallinity with time
ot
p is the density at 100% crystallinity

H is the latent heat of fusion

Dietz [110] presented a method for measuring the conductivity and 

diffusivity of polymer melts under pressures of up to 150 MPa. This data 

relates closely to injection moulding and could be extended to blow 

moulding. Using this data and a cooling time model, calculations for 

temperature changes correlated well with experimental results. The only 

reservation stated was for the effect of gaps between the cooling part 

and the mould during solidification.

Cooling and solidification of blow moulded parts were studied by 

Georghiades [105] and Edwards et al [111,112]. Latent heat is 

accommodated by using a temperature dependent specific heat. The models 

developed, in one and two dimensions, were verified by experimental 

tests. Comparisons were drawn between different forms of internal 

cooling
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Birley et al. [113] also examined the heat transfer process in blow 

moulding and extended earlier models to include polypropylene. 

Experimental measurements were substantiated by the model for variations 

in wall thickness and different cooling methods. This study also 

presented data on the effects of cooling on micro-structure.

Experimental data for the injection moulding of high density moulding 

of polyethylene was used for comparison with a model developed by Kamal 

and LaFleur [114]. The effects of crystallisation kinetics were included 

at all stages in the process.

Only Throne et al. have considered the rotational moulding process with 

a view to developing a model which would describe the kinetics and heat 

transfer involved. An early model [20,115] incorporated experimental 

data for the heating of a static mould and diffusivity values for 

polymer powder from a hot-plate test. The model was based on a 

horizontally rotating cylinder so that the system could effectively be 

defined in two dimensions. Figure 2.7(a). The heat conduction equation 

was solved by the Goodman method. A logical model followed the path of a 

rotating and tumbling pool of powder. Figure 2.7(b). This calculated the 

contact time between the powder and the mould wall from the time it 

touched the wall until falling back into the pool, then calculated the 

temperature just before release and determined the thickness of powder 

(if any) which would adhere to the wall. This was calculated from the 

depth to which the temperature had exceeded the 'tacky temperature' for 

the powder. The process continued until all the powder was deemed to 

have adhered to the wall. No experimental measurements could be made but 

the results were successfully compared with measurements of powder 

volumes left at various points in tests on rotating cylinders.
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This method of analysis was extended to the cooling of rotationally 

moulded parts [116]. This work compares theoretically the relative 

speeds of air and water cooling for moulds of different material and 

thicknesses.

In a later paper Throne [117] questioned some of the earlier 

assumptions. The mould surface temperature profile and the exclusion of 

the melting powder attached to the mould from the heat transfer system 

were re-examined. A new model based on an analogue solution was 

developed to incorporate both heating and cooling. A six slab system, 

one for the mould wall and five powder slabs was constructed. Heat is 

transferred from the mould slab through the five polymer slabs in 

sequence. The powder properties of each slab are assumed to change in 

accordance with hot-plate results on the range over which transition 

between powder and melt occur. After comparisons with the old model, 

curves such as Figure 2.8 were presented for the complete rotational 

moulding cycle. These include a heating step, air cooling and water 

cooling steps. No experimental verification of the profiles was possible 

but the curves show good agreement with experimental results gathered as 

part of this work.

Vanderbeck [118] extended the early model of Rao and Throne for a 

rotating horizontal cylinder. The mould surface temperature input is 

re-examined and the end point of the cycle re-defined. A test rig of an 

electrically heated aluminium cylinder was constructed so that 

temperature measurements could be made during moulding. This, however, 

was used to determine the drum heating curve and results of temperatures 

during moulding were not presented. Experimental data was correlated 

with theoretical sintering times (ie: to the end of the powder pool) and

45



was found to follow the general trends and profiles which appeared. The

actual values were, however, somewhat high in all cases.

Ribe et al [90,119] presented a further extension to this two 

dimensional model. A linearised version of the rotating powder pool was 

used to examine the effect of different.heating rates and the effect of 

changes in thermal property values for the powder. These results were 

compared with experimental data and the predictions of the earlier 

models by Vanderbeck and Throne. Much improved results were obtained.

2.7 Polymer thermal properties

Accurate thermal properties data is essential for good modelling of any 

heat transfer process. Measuring this data for polymers presents a 

particular problem due to the insulating nature of these materials. Very 

low conductivities mean that measurement is difficult due to the very 

small quantities of heat flow involved. Relatively small heat losses can 

introduce significant errors into the data.

Thermal conductivity (k) is the quantity of heat in the steady-state 

condition passing in unit time through an area forming part of a slab of 

uniform material of infinite extent and with flat and parallel faces 

[120]. It is given by

kA(Tl-T2>
q = -------- (2.4)

Tu
where q is the rate of heat flow measured across the faces 

T1 and T2 are the temperatures of the faces 

A is the area of the face 

L is the thickness of the slab
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Thermal conductivity therefore defines the ease with which heat will

pass through a material in the steady state. However, most practical 

situations involve non-equilibrium conditions as a material is heated or 

cooled. Heat is both conducted through the material and changes its 

temperature. In this case thermal conductivity and enthalpy factors are 

involved. Thermal diffusivity is a term which appears in Fouriers heat 

transfer equation and is defined as the ratio of thermal conductivity to 

the heat capacity per unit volume:

k
a = --- (m2/s) (2.5)

P Cp

where p is the density

Cp is the specific heat 

k is the thermal conductivity

Typical values for common materials are given in Table 2.2. Data is 

often given as a mean value over a temperature range, although for 

modelling, a plot of how the values change with temperature is easily 

accommodated. Good conductors such as copper have high values whilst 

insulators such as polyethylene have very much lower values. The 

conductivity of a solid plastic material depends on it's crystallinity 

which in turn is dependent on its thermal history. This is demonstrated 

by the difference in the values for LDPE and HDPE. LDPE has a 

crystallinity level of around 50% whilst that for HDPE is 80%, the 

corresponding conductivity values are 0.33 and 0.50 W/mK [123].
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Material Thermal Thermal

conductivity (20°C) diffusivity

W/m°C m2/s

Copper 400 13.0 x 10~3

Aluminium 230 7.7 x 10”3

Steel 46 1.1 x 10"3

Marble 3.5

Concrete 0.92

I1D Polyethylene 0.50

LD Polyethylene 0.33 0.9x 10-7 (20-190°C)

Nylon 0.31 1.3x lO"7 (20-285°C)

Polypropylene 0.24-0.17 0.9x 10~7 (20-230°C)

Expanded

Polystyrene(0.025) 0.03

Table 2.2 Typical Conductivity and diffusivity values

[120,123,134]

Many sources of data exist, either as parts of published work [129-133] 

or as compilations of other sources [121]. Majurey [120] sampled the 

demand for and the availability of thermal conductivity data for 

polymers. He found that much of the published literature at the time did 

not provide consistent information. Data for polystyrene showed 

differences in values of up to 100% and even conflicting temperature
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dependence and that for PMMA many authors simply quoted others. He also 

found that the basic development of measurement techniques was limited.

2.7.1 Thermal conductivity

Most methods for measuring thermal conductivity are steady state and 

are usually mathematically simple. Transient methods do exist which are 

experimentally simpler and more complex mathematically. These normally 

give thermal diffusivity which can be measured directly, although with 

modification, diffusivity can be eliminated and conductivity obtained.

2.7.1.1 Principles and limitations

The temperature at any point within a system at steady state condition 

does not change with time. Methods using this approach require long 

settling periods to achieve steady state. If the temperature dependence 

of conductivity is neglected then geometries can be chosen such that the 

temperature distribution can be described by Laplace's equation in one 

dimension

ST
q = -k.A. — (2.6)

6x

This equation can be applied to a flat plate geometry where the 

thickness of the plate is small compared to the other dimensions so that 

flow is as close to one dimensional as possible. In this case in the 

steady state condition conductivity is given by

q. Sx
k = — (2.7)

A. ST

where ST is the temperature difference between the faces
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Sx is the thickness of the plate

q is the heat flow measured across the plate 

A is the test area

A cylindrical geometry can also be used by measuring the temperature 

difference between the inside and outside of a cylinder of material. 

Using cylindrical coordinates conductivity may be given by

k =
q

-------  In
2it L 5T

rr21
- rl -

(2.8)

where L is the length of the cylinder

rl is the inner radius of the cylinder 

r2 is the outer radius of the cylinder

Both the flat plate and cylindrical geometry methods suffer from two 

major sources of error:

(i) One dimensional heat flow is not achieved due to geometry. Heat 

can be lost in other dimensions, ie: laterally.

(ii) Thermal contact between the sample and the wall of the test-rig 

may not be perfect. This causes a resistance to heat flow across 

the interface so that the surface temperature of the sample is not 

the same as the temperature of the apparatus. The temperature 

measurements made will therefore be inaccurate.

The effect of these errors can be minimised by:

(i) ensuring that heat flow is as close to one dimensional as 

possible by making the sample thin relative to the main 

dimensions if a plate or small in diameter relative to the length 

if cylindrical.

50



(ii) using guard rings to minimise lateral heat losses.

(iii) enclosing the heater by the sample to eliminate heat losses.

(iv) ensuring that good contact is achieved with either silicone oils 

or melting the polymer and forcing it into contact with the walls 

of the test-rig.

2.7.1.2 Methods of measurement for thermal conductivity

The main methods for measuring thermal conductivity are:

(1) Guarded hot-plate (ASTM C177-76).

The main features of this method are shown in figure 2.9(a). A heating 

element is sandwiched between two disc samples of materials and 

surrounded by a guard heating annulus. This guard heater has independent 

heating controls and is adjusted so that there is no temperature 

difference between the guard and the heating element. This ensures that 

the heat flow from the element is normal to the sample and that the heat 

losses are compensated for by the guard heater.

Heat sinks above and below the samples are maintained at a constant 

temperature. The test requires steady state conditions before the heat 

flux from the heater and temperatures are measured to allow conductivity 

to be calculated according to equation 2.7. This can take up to 24 hours 

to achieve.

(2) Unguarded hot-plate.

Figure 2.9(b) shows an unguarded test-rig. This does not compensate for 

lateral heat losses but uses thin samples and a surrounding insulation 

medium to reduce losses. The apparatus may also be calibrated with 

samples of known conductivity to correct for losses.
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(3) Hot wire method

This is an absolute technique which is in widespread use [122].It has 

two main variations: the cross wire and parallel wire techniques. For 

these 2 to 3 standard 'bricks' of material are required. Figures 2.10(a) 

and 2.10(b) show the standard arrangements.

The cross wire method is a line source method in which heat is applied 

from an infinitely long thin heat source (wire) embedded in an infinite 

homogeneous medium initially at equilibrium. In practice the sample is 

heated from equilibrium by passing a current through the wire. Thermal 

conductivity is calculated from measurements of the temperature rise of 

the wire over a given interval and the power applied. This method is 

generally applicable to materials having k S 2 W/mK.

The parallel wire technique is similar in operation to the cross-wire 

method but is applicable to materials having higher conductivities, k i 

25 W/mK.

(4) Differential Scanning Calorimetry (DSC) based methods

Several methods exist which use modified DSC arrangements [122]. These 

use identical cylindrical samples and reference materials placed in the 

heating pans of the DSC. Temperature differences from the top to the 

bottom of the cylinders and known conductivity values for the reference 

material allow the conductivity for the sample to be calculated at a 

given temperature. These methods are not suitable for melt studies, 

require accurately machined samples and may take several days.

A method described by Khanna et al.[122] uses an unmodified DSC with an 

empty sample pan as a reference. A disc of material is punched from a 

uniform sheet such that it just fits into the sample pan. A melting 

point standard such as indium is then placed on top of the sample as
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shown in figure 2.11(a). The pans are then heated at a constant rate to

a temperature above the melting point of the standard. The melting of 

the standard, as observed through the sample, is influenced by the 

conductivity of the sample. The slope of the melting curve is 

proportional to the thermal conductivity of the sample as shown in 

figure 2.11(b). By using a reference standard of vitreous silica for 

which conductivity values are known this conductivity can be calculated. 

The effects of sample size, heating rates and cyclic heating were also 

examined in this work to establish a consistent experimental set-up.

( 5) Coaxial cylinder method.

Figure 2.12 shows a cylindrical conductivity cell. The heat source is a 

rod and is surrounded by a tubular sample which is in turn surrounded by 

a heat sink. The heat sink temperature is maintained by a liquid bath. 

Equation 2.8 can be used to calculate conductivity from the known power 

supplied to the heater and the temperatures across the sample.

2.7.2 Methods for thermal diffusivity measurement

Measurements of thermal diffusivity are based on the solution of the 

differential equation [105,123,124]

62T 1 ST

Sx2 a St

for a given set of boundary conditions, 

where T is temperature 

t is time

x is a linear coordinate 

oi. is thermal diffusivity

(2.9)
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Experimentally these tests tend to be simpler with more complex 

mathematics to compensate. Solutions have typically been analytical or 

graphical although modern methods indicate the use of computer based 

algorithms to solve the differential equations involved.

The boundary conditions used are either a sudden step change in 

temperature (ie: quenching), or a linear temperature rise (hot-plate or 

heating element).

Quenching methods involve placing a sample of material with a 

thermocouple at it’s centre in a bath of liquid at a different 

temperature. Spherical samples reduce the effects of lateral heat loss 

to a minimum, although some conduction along the thermocouple will 

occur. This method assumes that the diffusivity is constant over the 

temperature range examined, so that for a wide range small steps of 5°C 

are used for this assumption to remain valid. These methods axe only 

suitable for solid samples.

Linear heating methods subject the sample to a linear change in 

temperature at its surface. Shoulberg [125] used a thermocouple 

sandwiched between two sample discs. The thickness of the samples was 

small compared to the overall dimensions in the same fashion as samples 

used in conductivity tests to reduce the effects of lateral flow. The 

samples were heated in an aluminium block and the power adjusted to 

produce a linear temperature rise. The diffusivity was calculated from:

k a2
a = --- (2.10)

2&T

where k is the linear rate of temperature rise
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a is the sample half thickness

5T is the temperature difference between the surface and the 

centre

RAPRA [126] use a method developed by Hands and Horsfall [127]. The 

apparatus consists of two outer circular brass plates each of which is 

internally wound with a heater wire, figure 2.13. The inner face of the 

plates are grooved to allow for two thermocouples to lie flush with the 

surface of each plate. Two disc samples are placed between these plates 

so that the plates and thermocouples are in contact with the outer 

surfaces of the samples. A third thermocouple is sandwiched between the 

two samples. The whole assembly is bolted together and placed in an 

insulating medium (vermiculite).

The heater wires are connected to a voltage source controlled by a 

computer program. These are heated from ambient through the temperatures 

of interest. The three thermocouples are scanned periodically and stored 

so that at the end of the test the thermal diffusivity of the samples 

can be calculated. The calculation involves the solution of the 

following equation [128]:

62T 1 6k r 6T -j2

6x2 k 6T L Sx -

1 5T 

a 6t

where T is temperature

x is depth in the sample 

k is thermal conductivity 

a is thermal diffusivity 

t is time

(2.11)
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This allows for changes in conductivity and calculates the changes in 

diffusivity with respect to temperature.

2.8 Thermal properties of polymer powders

All the above methods are used for solid materials and in some cases 

melts. The data is satisfactory for most polymer processing methods as 

processing calculations will normally be based on a cooling melt and 

in-service calculations will be based on a solid part.

Rotational moulding is unique, however, in that polymer begins as a 

free flowing powder or liquid at ambient temperature and is both melted 

and formed inside the mould; other polymer processes deal only with the 

molten state. For accurate modelling of the process data is required for 

both the powder up to the melting point and into the melt thereafter.

The demand for this data has been even more limited than for polymers in 

general, the only work having been carried out by Rao and Throne [20].

Powders add more complexities to the assessment of conductivity or 

diffusivity. The porous mass of particles acts as a composite of air and 

polymer which enhances its insulation properties. Also, as the powder 

melts, a coalescing and fusing process accompanies melting which means 

that density changes across the melt front are much greater than for 

melting in a solid mass.

The above methods of measurement use enclosed chambers to reduce heat 

losses during testing. This prevents their use with powders because an 

initially full chamber of powder would typically only be 40% full at the 

end of a test on rotational moulding powders. Tests performed by RAPRA 

[126] interpolated between results measured before the onset of collapse 

and results measured on a compression moulded sample of the same sample.
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Throne devised a hotplate test to measure the diffusivity of the 

powdered material used in his moulding trials. Two thermocouples were 

positioned above a hot-plate of which the transient heating 

characteristics were known. Loose powder was poured around the 

thermocouples without packing. The heater was switched on and the 

thermocouple readings monitored. A solution to equation 2.9 was obtained 

from Goodman's penetration method [20] which was used to give a best fit 

to the thermocouple temperature profiles. This produced an effective 

diffusivity value which was then used in a processing model (see section 

2.6). The value quoted was consistent with other available data.
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Chapter 3

Theory

This chapter describes the system of equations used in conjunction with 

the experimental set-up of Section 4.3.9 to obtain thermal diffusivity 

values for the powders used in this study. The same equations are then 

extended in section 3.2 to form part of a complete system simulation for 

a rotational moulding cycle.

3.1 Thermal conductivity/diffusivity analysis

Measurement of thermal properties for polymers is most commonly 

performed on a solid material passing through it’s melting point into a 

melt phase. Beginning with a powdered material introduces a new 

dimension to the analysis - the collapsing and consolidation of the 

powder and air mixture into a solid mass. Standard methods can only 

interpolate between data from powder before it starts to collapse and 

pre-formed solid material which has been melted [126]. A model which can 

incorporate this change from a powder through to solid in a single step 

must therefore be developed in order that suitable data will be obtained 

for the rotomoulding process.

The experimental set-up is described in Section 4.3.9. It has been kept 

as simple as possible: one thermocouple records the temperature at the 

interface,!^ between a powder mass and a base plate which rests on a 

hot-plate; two more thermocouples record the temperatures at 3mm and 6mm 

above the base.

The energy equation in one dimension may be expressed as:
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5T
(3.1)pCp

6t

5 5T
— { k — } + H
6x 6x

where p = density

C = specific heat 
P
k = thermal conductivity 

T = temperature 

t = time

H = internal heat term for latent heat of fusion 

x = spatial distance

and becomes on expans ion:

ST Sk ST
pc — = — —
P St 6x Sx

ST
+ k — + H (3.2)

5x

Note: H acts only over the melting range of the polymer 

p,Cp and k vary with temperature 

0 < x < 1

Heat transfer at the centre of the ring of powder is assumed to be one 

dimensional so that the only boundary conditions to be considered are at 

the base and at the free powder/air boundary. A finite difference method 

is used to solve the above equation across N elements. The equations 

require boundary temperatures at elements 1 and N corresponding to T^ 

and tn+1- The temperature profile as measured by the thermocouple welded 

to the surface of the base is taken as the baseplate temperature, TQ.

The upper temperature is taken as the ambient air temperature above the 

test-rig and is substituted for T^^ using a convective term.

Each term of the equation is represented by an implicit finite
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difference expression in terms of elements of a mesh of variable size in 

which I denotes space and J denotes time [135,136]. There are N 

elements, each initially of 6x in size, which vary in depth as the 

powder collapses. The depth DX(I) of each element is related to Sx by a 

multiple S, where 0 < S < 1.

Thus, for a function f(x), as shown in figure 3.1, the first and second 

derivatives may be expressed as follows.

df

dx
d2f

dx2

{f, (S /S (S +S ) - f„{S -S )/S S - f ,3 /S (S +3 )}/Sx I w e e w O w e ew -le w e w
x=xO

= 2{f /S (3 +3 ) - f./S 3 + f./S (3 +3 )}/(Sx)21 e e w 0 e w 1 w e w

(3.3)

(3.4)
x=xO

In a mesh where the temperatures T^. are at the centre of segments and

DX(I), 1<I<N, are the depth of each element (as multiples of 5x):

S = (DX(I-l) + DX(I))/2 w

3^ = (DX(I) + DX(I+1))/2 (3.5)

Also, for convenience.

U1 = 3 /S (S +3 ) w e e w U4 = 1/3 (3 +3 )e e w

U2 (S. )/S 3> e w U5 = 1/3 3e w

U3 = S /S (S +S ) e w e w U6 = 1/3 (3 +3 )w e w (3.6)

Thus,
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St
st
6k
6x

ST

Sx

57T

Sx2

(tJ+1- T^“1)/26t (3.7)

- V2kI - U3U-1)/5X ;3.8>

{UlT^J - U2T^+1 - U3T^J + U1tJ+1 + U2T^ + U3T^_1}/26x

(3.9)
{U4TI+1 " U5TI 1 + U6TI-1 + U4TI+1 " U5TI 1 + U6TI-1 }/(Sx)2

(3.10)

where J denotes current time step 

J+l denotes next time step 

5x,St are spacial and time steps

Substituting equations 3.7 to 3.10 into equation 3.2 and letting

R = (3.11)

A = R(Ulk^+1 - U25ci - U3k^_1) (3.12)

B = 2Rk^ (3.13)

then,

T^4(U3A - U6B) + T^+1 (1 + U2A + USB) - T^4(U1A + U4B)

= T^_1(U6B - U3A) - T^(U2A + USB) + T^+1(U1A + U4B) + T^_1 + H (3.14)

Equation 3.14 provides a description of unknown temperatures at the 

time step J+l in terms of known temperatures across three adjacent 

segments (positions 1-1, I and 1+1 over time steps J and J-l).
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3.1.1 Latent heat of fusion

Several methods of including latent heat of fusion into the equations 

were attempted. These included:

(i) Variable specific heat.

Figure 3.2 shows how the specific heat for polyethylene changes with 

temperature. A large peak occurs due to the melting of the crystalline 

phase of the polymer. Using this curve directly removes the need for a 

separate latent heat term by virtue of the fact that the latent heat 

term is equivalent to the area under the specific heat peak. However, 

this method was more difficult from a computing aspect as the peak 

presented a difficult region in which to smoothly fit predicted curves 

to experimental profiles. This method is seen as the best for dealing 

with latent heat as it allows for deviations in value, right across the 

melting peak temperature range which maybe 30 - 40°C.

(ii) Latent heat over several temperatures.

Figure 3.3 shows how latent heat of fusion may be divided over several 

temperatures across the range over which it occurs. Each small area is 

assumed to be absorbed at its mid-point temperature. In the limit this 

will equate to the use of a variable specific heat term but with only 

4-8 terms allows for ease of curve fitting.

(iii) Latent heat at the melting peak.

This is the simplest way of dealing with the latent heat term, by 

simply lumping the area under the melting peak at the melting 

temperature. It is not the most effective method as it does not deal 

with the latent heat over a range. Comparisons between the values 

produced by dividing the latent heat over several points in fact showed 

little difference.
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The third method is used for the data presented here. Future versions 

of the analysis will hopefully re-address the variable specific heat 

method.

3.1.2 Boundary conditions
Figure 3.4 shows an exploded view of the elements at the base of the 

powder. Equation 3.14 holds for elements 2 to N-l. However, element 1 

requires the use of the base plate temperature profile, in place of

the unknown temperature .

For 1=1

S = DX(1)/2 w

Se = (DX(1)+DX(2))/2 (3.15)

and

T^+1(U3A - U6B) + T^+1(l + U2A + U5B) - T^+1(U1A + U4B)

Tq(U6B - U3A) - T^(U2A + USB) + (U1A + U4B) + 1 (3.16)

where is the baseplate temperature.

At element N at the 'free' surface, a convective heat loss term is used 

to accomodate the fictitious element N+l:

r 5T 1
L Sx i

(3.17)
N

where HTC.AIR = heat transfer coefficient to the air

= temperature of the air

T,N = temperature of element N
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substituting for the derivative and temperatures:

-]<

26x
- ‘ uiTmj - -r1 - +mTii U2T3 - }

* htcmr<tn T ) (3.18)AIR'

expanding and letting

$ =
2 HTC „ 5x AIR

U1
(3.19)

produces

U1(TJ + '1' + TJ ) 
^ N+l N+l; u2(tn+1+ tn} + u3{tn-i + tn-i} ■ $ u1(t:

N
TJ )
AIR'

(3.20)

this can then be substituted into the main equation (3.14) and 

rearranged to produce the final element equation.

mJ+l rT f N-l ''
(U3.A-U6.B) U3 (1+U2.A+U5.B) U2------------  - — } + TJ+1{ --------------------
(U1.A+U4.B) U1 N (U1.A+U4.B) U1

TJ { 
N-l l

(U6.B-U3.A) U3 (U2.A+U5.B) U2

(U1.A+U4.B) U1
} - T { J N 1 ------ $ }

(U1.A+U4.B) U1

+ $ T3 + T3 1/ (Ul.A +U4.B)
r\Xx\ X (3.21)

3.1.3 Solution and Stability
The finite difference expressions can be written in a tri-diagonal 

matrix form for the unknown temperatures at time J+l in terms of known 

values at time J. The matrix is then solved using the Thomas Algorithm 

[ ] (using forward and backward substitution along the diagonal of the

matrix).
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The experimental data was recorded at 4 second intervals. For ease of 

direct comparison the calculation time step was set to 4 seconds also. 

The spatial mesh separation was set at 0.3 mm, ie: each segment was 

approximately equal in depth to an average particle size. The implicit 

equations used mean that the system is stable for all values of 6t and 

<5x [136,137]. This can be measured by a Fourier number, F^, which is 

equal to.

ra St
F =---- (3.22)0 5x2

where all symbols are as before and the term is dimensionless.

Fq should be as small as possible for maximum accuracy. For these 

calculations a is in the region of 1 x 10 m2/s across the temperature 

ranges involved, so that Fq=4.4.

3.1.4 Program construction

The program used to analyse the data uses a system of comparison 

between experimentally measured values and predicted temperatures for 

the powder system.

The program begins by initialising three arrays for conductivity, 

density and specific heat capacity. Conductivity is unknown and is set 

at a constant value of 0.15 W/mK across the temperature range of 10°C to 

260°C; the other two arrays use experimentally obtained values for the 

polymer under test. These are combined to produce a diffusivity array 

which is used in the calculations. The system initial temperatures are 

set and a binary array of temperatures from the hotplate tests stored by 

the recording program is read as the reference data. The calculation
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then proceeds to produce initial predictions.

One complete set of temperatures are calculated and recorded over the 

same time scale as the experimental temperatures using the baseplate 

profile as the heat source. The arrays are then passed to a comparator 

routine which compares the experimental profiles at 3mm and 6mm with 

predicted profiles at the same levels. The diffusivity array is slightly 

adjusted according to the error between the experimental and predicted 

curves. The program does not attempt to produce alignment immediately. A 

band of error is initially set at ± 8°C and the process of calculation 

(comparison and shifting the diffusivity curve) is repeated until the 

curves are within this. Once this is achieved the diffusivity curve is 

examined to smooth out any sharp changes in value which may be 

occurring, the error band is tightened and the process then repeated. 

Once the error band is within ± 2°C the calculation is judged as 

complete; further reductions in the error band are time consuming and 

not always possible.

The final set of diffusivity values are divided by density and specific 

heat to give three arrays which are stored for use in the ROTOSIM 

program for simulation of the process. The values are stored in this 

fashion to allow for use of the arrays both separately and recalculated 

as diffusivity for the heat transfer analysis.

3.2 Complete rotational moulding model

Computer simulations are commonly used as research and development 

tools in many areas. Their usefulness lies in their ability to examine 

changes in operating parameters without venturing beyond the computer 

chip and without the expense that trial and error can so often incur.
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Throne and his co-workers have made the most notable effort in producing 

simulations for a rotational moulding system. The potential benefits of 

such an instrument, particularly where so many variables are involved, 

are a major incentive for its achievement. Thus, it was felt that as 

part of this work it would be a worthwhile venture to develop a model 

which could reasonably represent a complete moulding cycle as an aid for 

the prediction of cycle times and analysis of the heat transfer 

processes involved. Although simple in practice, the rotational moulding 

process contains many complex interactions which make analysis and 

modelling difficult. Bi-axial motion, powder pool mixing, convective 

heat transfer and phase changes within a melting polymer constitute just 

some.

However, rotational moulding is a closed system. Any model which can 

account for all the heat entering the system and reasonably determine 

the effect of this heat on the elements within the system should produce 

correlations within normal experimental error. As a model, the proposed 

system takes account of many of the major aspects of the process. Where 

possible experimental data is used to verify data for the system; 

assumptions are kept to a minimum and are as close to real system logic 

as possible.

3.2.1 System overview

As a guide, the process to be modelled is as follows:

The system (mould) is conveniently bounded by a forced hot-air oven 

environment which interacts with its surface. The oven environment is 

for this simulation assumed homogeneous by using measured average heat
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transfer terms - in real situations the air-flow is turbulent and the 

surface transfer coefficients complex.

The mould has a defined size, shape, thickness and material.

Heat is transferred through the mould wall, essentially in a radial 

fashion, into a pool of powder/melt and an enclosed volume of air. As 

the wall thickness of typical rotational moulds is small compared to the 

overall dimensions, the primary heat transfer is assumed to be one 

dimensional. Inside the mould the powder and air heating is a composite 

system. The internal air is linked to the oven air via a vent pipe.

As the mould rotates the powder moves in a tumbling fashion mainly 

under gravity. It's motion is influenced by factors such as wall 

friction and particle shape and size distribution.

The oven temperature will rise quickly to the set-point temperature for 

the cycle. Heating of the polymer is primarily by direct conduction 

between the inner surface of the mould and the powder/air. There will 

also be heat transfer between the air and the surface of the powder 

pool. As heating progresses the temperature of the powder pool rises 

until a point is reached when small particles of powder become tacky and 

adhere to the mould surface. This point marks the end of the induction, 

or build-up time. Continued heating and rotation distribute the melting 

powder around the mould surface; the temperature of the pool rises as 

does the tacky temperature of the larger particles left in the pool.

This continues until all of the powder pool has completely adhered to 

the mould. Heating continues for a short period to consolidate the 

powdery material on the inside surface and fuse the main mass of 

material to obtain a required part finish and strength. At some point, 

depending on the thermal inertia in the system and the fusion rate for
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the polymer, the mould is moved to the cooling area.

Cooling of the mould and the formed article inside may be carried out 

by forced air, a water spray or a combination of both. Heat is 

transferred, by direct contact, out through the mould wall from the 

polymer and air inside to the external cooling medium. The rate of this 

transfer is determined by a heat transfer coefficient for the method in 

use. Depending on the shape of the article, it's surface finish and the 

mould release agent used, at a certain temperature the article will 

shrink away from the mould. When this happens the heat transfer rate 

drops because a layer of insulating air or a vaccuum is drawn between 

the mould and the part. This effectively ends the process to be 

modelled.

3.2.2 Simulation approach

The simulation was developed in two stages; rotation and heat transfer.

In the first stage, the computer model was set up so that the motion of 

a point could be tracked on the surface of a sphere as the sphere was 

rotated at different speeds about two perpendicular axes. This enabled 

the effect of different rotational speeds and ratios to be examined in 

regard to the coverage of the surface of the sphere. At certain speeds 

it could be seen that parts of the surface were not covered by the 

moving point, whereas others were covered many times. In moulding terms 

this would constitute unevenness in the distribution of material over 

the surface of the mould. It was possible to identify ratios which would 

provide the most uniform coverage of the mould.

Subsequently, this model was expanded to track a powder pool (rather 

than a point) and the mould was generalised to an ellipsoidal shape. The
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shape of the ellipsoid could be defined by it's major and minor axes and 

the size of the pool could be adjusted by altering the volume of powder. 

This model examines a more realistic 'band' of powder passing over the 

mould.

The second stage required the development of a heat transfer system 

which could be incorporated with the motion above. This involved the 

analysis of a range of possible real life situations (Figure 3.5):

(i) oven air /metal mould/ internal air

(ii) oven air /metal mould/ powder

(iii) oven air /metal mould/ molten polymer/ internal air

(iv) oven air /metal mould/ molten polymer/ powder/ internal air 

During the course of a calculation any point on the mould would be 

described by one of the above situations depending on it’s position 

relative to the powder pool and the time during the heating cycle.

3.2.3 Rotational analysis

Rotation for the system is based on 3-dimensional transformations of a 

3-dimensional grid of points defining a mould surface about two 

perpendicular spatial axes.

A grid of points is set up to define the surface of an ellipsoid from 

three measurements defining the length and two girth measurements. The 

rotation of this array is performed by the translation detailed in 

Appendix A. Rotation is assumed to be about the body centre and the 

powder motion is taken as relative to the mould. The mould angle of 

orientation is independent of its position relative to the centre of 

rotation, being dependent only on the angular displacements wx and wz. 

The powder motion and its position in the base of mould will be affected
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by:

1. the shape of the mould

2. the speeds of rotation

3. centripetal force due to displacement from the centre of rotation

4. powder flow properties

The analysis for examining the position of the powder mass under these 

variables became too involved for a primary examination. As a result, 

the powder is assumed to form a level pool at the base of the mould.

This assumption greatly simplifies the calculations and is supported by 

the slow rates of rotation (4-10 rpm) involved which mean that the 

powder will essentially lie close to the base point of the mould at all 

times. It is valid for many regularly shaped moulds with aspect ratios 

close to 1 in that the powder will maintain a reasonably consistent 

position within the mould. A fixed angular displacement in two axes can 

shift the dynamic plane of the pool surface to a horizontal plane. For 

elongated moulds the situation becomes more difficult as large changes 

in slope can occur during rotation. However, this may again be offset to 

some extent by the motion due to gravity which will ensure that the 

powder falls rapidly to a minimum energy position, ie: in the base of 

the mould. This will be true particularly in extreme positions (eg: the 

ends of cigar shapes).

The surface of the powder pool will obviously not be flat during 

motion. Photographs and examination of rotating pools show that the pool 

will rise at the leading edge of the motion and dip again as the powder 

falls towards the centre of the moving mass. At the leading edge powder 

is in constant motion away from the mould wall, whilst at the trailing 

edge freshly mixed powder falls onto the wall. The actual shape cannot
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be calculated so that an assumption similar to Rao and Throne [20] for

their horizontal cylinder is made. See section 3.2.5. This is extended 

to 3-D with a 'sheet' of material in motion across the surface as 

opposed to a line (see Figure 3.6). The position of this sheet is 

calculated from a volumetric analysis on the rotating ellipsoid. An 

integration is performed from the base of the mould up to a free surface 

which coincides with the known powder volume. The analysis is shown in 

Appendix B.

During a calculation, the program determines the relative position of 

the mould and powder pool. A record is maintained of the time any 

particular point on the mould surface is within the bounds of the pool 

volume. This is called the 'contact time' and can be plotted as a 3-D 

isometric projection on a flattened image of one half of the mould (the 

surface of the mould is laid out in a similar fashion to a world map; 

the upper half is used for ease of viewing.) This can allow comparison 

between the various combinations of rotation commonly used and is a 

suitable basis for the rotation aspect of the complete model.

3.2.4 Heat Transfer Model
The derivation of equation (3.14) for the assessment of thermal 

diffusivity of the powders describes heat transfer through a homogeneous 

system without boundaries. It is used as the basis for a system 

describing a complete simulation with boundary conditions developed at 

the appropriate interfaces.

For a one dimensional system from an oven, through a mould, through a 

powder/melt mass and into an enclosed air space the following systems of 

equations are required:
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1. Oven air - mould surface

2. Through the mould wall

3. Internal boundary between the polymer and mould inner surface

4. Through a powder mass

5. Through a melt mass

6. Across a melt/powder interface

7. Polymer surface - internal air

3.2.4.1 Oven air - mould surface boundary

Heat transfer is by forced hot air convection and the first element in 

the mould is dealt with as follows:

Heat transfer at the free surface is given by

- k.
ST n
5x ■ htcoWtoves - V (3.23)

where = thermal conducitivity of the first element

HTC„,„„ = heat transfer coefficient from the oven to the mould OVEN
T^rm„ = temperature of the oven air OVEN
T^ - temperature of element 1

Through the mould thickness the size of each element shall remain 

constant at Sx (ie: the metal does not change density appreciably). 
Using central differencing for the derivative,

-k^ (T^1- Tq+1)/2SX + (T^ - Tq)/25X}/2

= htcoven!toteN + toveb - r- TJ>/K1 (3-24
Rearranging gives
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rJh',‘+ Tu = TJrl+ Tj +2&X HTC { Tu + 1 + TJ
0 0 2 2 OVENv OVEN OVEN

„J+1 Tl}/kl
(3.25)

Element 0 is a ficticious element in the main homogeneous equation for 

element 1; equation (3.25) allows it to be catered for. Due to the 

constant segment size, upon substitution this reduces to

:^ir (l+2B)-i „J+1
A-B) 

-2B

(A+B)

= Tj r1 L (A-B)

(A-B) 

(A+B)
+ T,j r

(A-B)
- 1 4> T + 1 OVEN —— (3.26)

(A-B)

where ^ = 46xHTCOVEN/k1

A = R(kJ+1 - ^_1)/4
B = Rk^

R - 5t/(6x2 Cp^) (3.27)

Note that material properties such as density and specific heat can

only be given values for current known temperature values and not

forward values at time step J+l. The heat transfer coefficient, HTC ,OVEN
is obtained from experimental measurements, see Section 6.7.

3.2.4.2 Mould wall
Equation (3.14) applies through the mould material, although with a 

constant segment size. This simplifies the equation to

,3+1
I- (A-B) + TI (1+2B) - TI+1(A+B)

= T^_x(B-A) - T^(2B) + T^+1(A+B) + T^_1 (3.28)
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3.2.4.3 Internal boundary between polymer and mould inner surface

There exists a boundary between the metal mould and the powder or 

molten polymer. To cater for this requires an energy balance in 

conjunction with Fourier’s equation in a similar way that the external 

boundary required a surface heat flow term.

Figure 3.7 shows a close-up view of the interface and the adjacent 

segments in the mould and the polymer. Due to the large change in 

thermal transfer properties across this interface (around a factor of 

100), there will be a sharp change in temperature as the polymer lags 

the mould temperature. To model this step, the interface is given a 

value of T^^ and the energy transfer between the centres of the two 

adjacent segments is equated with the energy used to raise the 

temperature of the interface region. This involves thermal conductivity, 

density and specific heat terms for both the mould material and the 

polymer.

At the interface.

k.

NW
rST i r 6T i_ +k __
- Sx - NW+1 - 5x -

6x
(DX(NW)+DX(NW+l))(pmCpm +PpCpp)

NW NW+1

r ST i 

St

(3.29)

where NW = the last segment in the mould

NW+1 = the first segment in the polymer.

IN = the interface between the mould and polymer

p = mould material density m
cPm = mould material specific heat capacity 

p =• polymer density
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Cp = polymer specific heat capacity

and at NW, 

Sw = i 

Se = 0.5

and at NW+1

Sw = DX(NW+l)/2

Se = (DX(NW+1)+DX(NW+2))/2

also.

5T

6x

5T

ox

6T

6t

-r,d + l m‘l+l

— 1U1 T — U2 T “ U3 T 1 NW IN NW NW NW NW-1
NW + U1 T NW IN u2nwtnw u3nwtnw-i"//2Sx

J+l

1JW+1

(3.30)

IN

(U1 TJ+1 - U2 TJ+1 - U3 T 
1 NW+1 NW+2 NW+1 NW+1 NW+1 IN

+ u1nw+itnw+2 " u2nw+itnw+i ' u3nw+itin^26x

mJ+l mJ-l T - T IN IN
2St

(3.31)

(3.32)

Substituting equations (3.30), (3.31) and (3.32) into equation (3.29), 

rearranging and letting

Kn

Ko =

26tkNW

5x2(DX(NW)+DX(NW+l))(pmCpm + PpCpp)

2Stk.NW+1
Sx2(DX(NW)+DX(NW+1))(p Cp + p Cp )m m P P

(3.33)
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and also letting Ul^Ul^ etc, for convenience, gives

K2U3'’ - 1}V {K1U1’

(3.34)

This equation involves values from a previous time step which requires 

that these values are recorded by the program for calculation.

Using the main equation (3.14) the equations for the last segment in 

the mould and the first segment in the polymer can be constructed. For 

I=NW, substituting equation (3.34) into equation (3.14) and letting

Ul’A + U4'B
K.

3 (3.35)
K^Ul' - K2U3'' -1

T .,(U3'A - U6’B - K,K-Ul1 ) + Tvttt (1 + U2'A + U5’B - NW-1 1 3 NW 13

(X2K3U2") + Tn^_1(U6'B - U3' A)

K3lK2U3'' - Sm')) - T™K3

(3.36)

rearranging and substituting for

S,W 1 and S.E 0.5

Ul’ = 4/3 U4' = 4/3

U2' = 1 US' = 2

U3' = 1/3 U6’ = 2/3 (from equations (3.6))
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gives

tnw-i(a/3 ■ 25/3 - KlV3) + 
= Ci^iV3 + 25/3 -A/3)

T

+

S^V + A +2B - K^) - T 

T3n(4(A+B)/3 + K3(K2U3’’

J+l
NW+1 (U2’ ’ KnK_,)

- 4^/3))

-TiVK3 + ^ - 2T™*2(01”K2K3> (3.37)

For I=NVJ+1 a similar siibstitution produces the following equation for 

the first polymer segment.

TNW (K1K4> + "^NW+l (1 +l,2(A * K2K4) ta5B> - 'W'nK2K4 * U1A + D4B) 
' -2T™^l<KlK4/3> - T™*1<U2"R * DSB + 'J2K2K4)

* * U4"B + u1"k1k4> + T™ii
+ T3 (U6''B - U3' ' A - K_K,U3' ' + 4K,K,/3) + (3.38)

IN' 24 14 IN 4
where

K,
(U31’A - US’’B)

(K^Ul1 - K2U3’’ -1)
(3.39)

3.2.4.4 Through a powder or melt mass

Equation (3.14) applies in both situations. The segment dimensions are 

allowed to change according to the density of the polymer within that 

segment (related to it's temperature).

3.2.4.5 Across powder/melt interface

No secondary set of equations are derived for this boundary. It is 

essentially a moving internal boundary with a phase change across a 

melting front (problems of this type are often referred to as Stefan 

problems after J. Stefan who first considered problems of this type). 

The changes in (i) density, (ii) thermal diffusivity and (iii) specific
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heat are temperature dependent so that in effect this discontinuity is

contained within them. The movement of the melt front is recorded by the 

changes in density related to temperature. Across this front the values 

automatically change to account for the energy absorbed due to the 

latent heat of fusion at melting.

3.2.4.6 Polymer / internal air boundary

The same equation as derived for the upper boundary for the diffusivity 

analysis is used.

TJ+lN-l

- TJN-l

+ <I> T

(U3.A-U6.B) U3 (1+U2.A+U5.B)
rr, J ^ 1 r} + T {(U1.A+U4.B) U1 N (U1.AHI4.B)

(U6.B-U3.A) U3 _ (U2.A+U5.B) U2
{ + ) - T {

(U1.A+U4.B)
-

(U1.A+U4.B) in HI

+ T^ 1/ (Ul.A +U4.B)

U2
}in

$ }

(3.21)

3.2.5 Combining motion and heating

To simulate the combined effects of motion and heating the following

system was developed.

The surface area of the mould is divided into a grid of points. Each of 

these points is assumed to be a representative point at the centre of a 

small area of the mould surface and has several purposes:

(i) to record the motion of the shape

(ii) to provide the location for each one-dimensional heat transfer 

system

(iii) to record the relative condition of any adjacent powder or 

attached polymer.
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The number of grid points will depend on the size of the part and the 

available computing power. Finer meshes will obviously produce more 

accurate representaions of the motion but at the expense of computing 

time.

A time step of around 0.15 seconds determines how far this array of 

points is ’moved’ in space between each set of calculations. Too large a 

step would allow too many points to miss contact with the pool, 

especially in a large shape. The speed and path of motion is determined 

by the rates of rotation of the major and minor axes; the 

transformations are described in Appendix A. As the mould rotates, so 

the pool moves and several arrays relating to the pool state are updated 

in the calculation. These record the relation of any grid point to the 

pool for the purpose of heat transfer; each point may be in or out of 

the pool at the present time step and may have been in or out of the 

pool at the last time step. This allows a record of whether the grid 

point is adjacent to the internal air, beneath the main mass of powder, 

has just entered the pool or just left it. This information is required 

to (i) analyse the powder motion,(ii) establish the heating systems at 

each point and (iii) calculate the pool mixing. The depth of powder 

immediately above each point is also required.

The motion of the pool is characterised by a free falling, tumbling 

motion. Several assumptions, some of which are similar to those made by 

Rao and Throne [20], are made:

(i) any grid point will only spend a short period in contact with the 

powder during any one pass. For the bulk of this period it is assumed 

that there is no relative motion between a thin, adjacent layer of 

powder and the mould. Figure 3.8 shows a schematic layout of this. The
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depth of the layer is set at 5% of the maximum depth of the pool. In 

practice the powder acts as a very good insulator so that both the 

quantity of heat passed and the depth to which it penetrates are small, 

especially over the short passes involved, which means that this depth 

could be even less.

(ii) at the leading edge of the moving powder pool the powder is 

assumed to be moving away from the mould and into the main powder mass; 

similarly, at the trailing edge the powder will be falling from the main 

mass onto the mould wall. No heat transfer calculations from the walls 

are attempted in these regions. Rather the leading edge is defined as 

the area where hot powder, fresh from heating at the mould is remixed 

with the main powder mass. Each grid point has an associated 'packet' of 

material which moves with it through the pool. At the leading edge the 

average temperature of this packet of material is calculated and the 

packet 'released1 back into the pool by adding this to the overall pool 

temperature (by ratio of their volumes); at the trailing edge the powder 

re-attaches itself to the mould wall. The process is obviously cyclical 

in that powder attaches itself to the mould at the trailing edge, is 

removed from the main powder volume, moves along with the pool until it 

re-emerges at some point along the leading edge and is then released 

back into the main free mass. By delaying the passage of heat directly 

to the main powder mass in this way, it is hoped to model the movement 

of the hotter band of powder adjacent to the mould more accurately.

(iii) the overall pool temperature is assumed to have an average value. 

In practice there will be a distributed temperature map which would be 

very difficult indeed to model. The assumption is based on the fact that 

the powder is constantly mixing and tumbling so that the difference
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between the maximum and minimum temperatures will be relatively small.

At the point where the powder leaves the mould wall (pool leading edge) 

the temperature through each 'packet' of material is examined. If the 

temperature of the inner most face of the mould or attached material is 

above a 'tacky temperature' then the material is removed from the pool 

and attached to the mould at this point. The depth, or number of 

segments, is determined from the temperature profile.

Heat transfer to the inner volume of air is accounted for by convective 

heat terms at the surface of any point which is outside the powder pool. 

Any point within the pool transfers heat to the powder pool mass 

directly. There will also be transfer of heat between the pool surface 

and the internal air. This is accounted for by a convective heat term 

across the variable area of the pool between the average temperature of 

the pool and the inner air temperature.

Simulated heating continues until all the powder has adhered to the 

mould wall: early layers of material attached to the wall will have 

consolidated according to their change in density with temperature.

After the pool disappears the program switches to a short period of 

consolidation. (This may be linked to a prediction of final part 

strength as detailed in later sections.) This repeats the heating 

process without the necessary routines for powder pool motion.

The final stage of the simulation switches to a cooling cycle. Rotation 

and heat transfer continue for each grid point with appropriate changes 

in heat transfer coefficients for the change in external environment. 

Combinations of air, water spray or water shower may be selected as 

desired. Cooling data for the materials is estimated from the heating 

data with adjustments for the powder phase change to solid. Latent heat
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of crystallisation is released at a temperature below the melting point 

for the powder. This point was measured by DSC and in-mould temperature 

recordings during moulding.

3.2.6 Mould material properties

Data for typical metals used for rotational moulds was obtained from 

various sources [138-142]. Four materials were chosen; steel, stainless 

steel, aluminium (Duralumin) and copper. Others are used in mould 

construction but the first three are the most common, copper is little 

used but is included as a comparison for heat transfer tests. Table 3.1 

shows the values for thermal conductivity, specific heat and density 

used for the program.

Material Density 
(kg/m )

Thermal Conductivity 
(W/rnK)

Specific Heat 
(J/kgK)

(°C) 0 100 200 300 400 0 100 200 300 400

Aluminium
(Duralumin)

2787 160 181 194 194 194 828 912 967 1017 1097

Mild Steel 7817 47 45 45 43 40 452 493 531 552 590

Stainless
Steel

7817 17 19 20 22 24 452 493 531 552 590

Copper 8933 402 390 381 375 368 351 362 374 385 396

Table 3.1. Thermal properties for typical mould materials

3.2.7 Output

All aspects of the heating cycle are calculated during the simulation 

so that it is possible to record and examine many areas including; 

the effect of variables such as mould wall thickness, oven temperature.
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part thickness, change of part or mould material on the time to the end

of the powder pool or the time taken to reach a certain internal air 

temperature. The rate at which powder is deposited and the final 

distribution of material may also be plotted. Changes in the ratio of 

rotation can be compared by plotting the powder contact time with 

respect to the surface of the mould.

3.3 The ROTOSIM environment

The above system was initially developed for use on a mainframe 

computer. To make it a more generally available tool, a package suitable 

for use on Personal Computers has been written. This conversion has 

involved a large reduction in size of the storage arrays describing the 

mould surface and the opening of time and spatial meshes to offset the 

reduction of power and available memory. However, by using BASIC 

programming for the graphics front-end and FORTRAN for the number 

crunching sub-routines a reasonable calculation time may be achieved for 

80286 or 80386 (central processing unit references) machines.

3.3.1 Data input

The software allows the input of the following list of variables found 

in the rotational moulding process:

1. mould material

2. mould thickness (average)

3. mould entry temperature to oven

4. mould length

5. mould depth

6. mould breadth
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7. mould surface area

3. part material (from data-bank)

9. part thickness (average)

10. shot weight of material

11. cure level for processing

12. primary axis speed

13. secondary axis speed

14. machine type (from data-bank)

15. cooling air temperature (ambient)

16. cooling water temperature

17. de-moulding temperature

18. cooling sequence

Several areas require clarification:

(i) Mould dimensions

Defining the shape of the mould is at present based on the nearest 

ellipsoidal shape to the overall dimensions. This is due to the main

systems of rotation currently in use. This system is being examined and
)

will be up-dated in due course. For the present, the user is asked to 

supply overall dimensions to define the shape ratio for the mould and if 

possible the surface area for the part. This enables a more accurate 

size for the part to be calculated; and when used in conjunction with 

the desired part wall thickness and shot weight the program will give 

several possible choices for the input combination. For instance, if the 

user defines the surface area and the part thickness the program will 

estimate the shot weight with the surface area given, but will also give 

the shot weight for the overall dimensions given so that the user may
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choose the closest situation to that found in practice.

(ii) Processing cure level

This is intended as a preliminary guide to the impact strength of the 

final part. The correlations shown in other parts of this work have 

correlated the cold temperature strength of the final part with the 

temperature achieved inside the mould. Thus, having defined the 

temperature at which this occurs, the simulation can estimate the time 

to a particular level of cure. Zero percent cure is defined as the point 

at which the powder pool just disappears, 100% is defined as the maximum 

impact point, in between values are linearly interpolated according to 

the temperature.

(iii) Machine type

At present the only machine data available is for the Caccia 1400 

machine used during these trials. Further tests are planned to up-date 

the data-bank using the Diagnostic system on other machines in use at 

industrial sites. Calibration and various machine details for each 

machine can then be incorporated within the program. It is envisaged 

that the Diagnostic System (R0T0L0G) and ROTOSIM would be used in tandem 

in industry so that ROTOLOG could be used to calibrate the ROTOSIM 

program for a particular machine.

(iv) Cooling sequence

This may be defined as a maximum of eight segments of any duration, in 

any order from a choice of four cooling media; ambient air, forced air 

convection, water spray and water shower. The values for these heat
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transfer situations are at present partially estimated from other 

published data [96] for mould cooling situations but will be measured 

from moulding trials here at the University.

3.3.2 Calculation speed

Calculation times are in the region of actual real time cycles; 

mainframe times were approximately 10-15 times faster than for a PC-7 

with numerical co-processor. Faster machines and improvements in the 

software will occur in time.

A quick approximation to a cycle time may be achieved by generating 

many solutions for a range of parameter combinations and producing an 

equation which fits this data. When a set of conditions are chosen for 

calculation, the equation will effectively interpolate from known 

solutions to produce an immediate guide to say, the total oven time.
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Chapter 4

Materials, Equipment and Test Methods

4.1 Materials

12 materials have been tested over the course of this work. These are 

listed in Table 4.1 below.

Name Producer Melt index Density Type

(g/lOmin) (kg/m3)

2 .16kgf/190°C

1. NCPE 8017 Neste Chemicals 3.2 934 MDPE

2. HOPE 8683 Neste Chemicals 4.0 924 LLDPE

3. NCPE 8628 Neste Chemicals 3.2 934 MDPE

4. 8405 BLK Du Pont 2.2 934 MDPE

5. RP246H Enichem 1.9 934 MDPE

6. HD 8761 Exxon 5.4 942 HDPE

7 . NCPE 8019 Neste Chemicals 7.0 924 EBA

8. Hytrel 4056 DuPont 5.3 1160 PE/Elast

9. PP150 Finaprop 6.6* 905 PP

10. PP121 Finaprop 7.1* 905 PP

11. Lexan 13.3** 1200 PC

12. Makrolon GE Plastics 9.4** 1200 PC

* - 5.0kgf/230°C

* * - 1.2kgf/300°C

Table 4.1 Materials tested
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4.2 Moulding equipment

A Caccia 1400A machine was used for all moulding tests during this 

work. This was designed as a shuttle type machine to make best use of a 

limited area. Figures 4.1, 4.2(a) and 4.2(b) show the layout and 

facilities provided. The oven component of the system is effectively a 

small industrial unit with full operational capacities. Table 4.2 

details some of the machine parameters.

Heating Unit:

Machine type:

Arm type:

Maximum load on arm:

Maximum spherical diameter: 

Maximum mould plate diameter: 

Oven dimensions:

Cooling:

77000 Kcal/h L.P.G burner

Shuttle

Offset

175kg

1400mm

950mm

1.6 x 1.6 x 1.4 m 

Air fan

Additional: Reverse rotation 

Gas feed through arm

Table 4.2 Rotational Moulding Machine parameters

Operating in a linear fashion means that energy efficiency is lower 

than for carousel units of comparable size. This, however, was of less 

importance than ensuring that the machine had all necessary features for 

direct comparison of results with typical industrial machinery.
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4.3 Powder tests

4.3.1 Bulk density

Bulk density was measured using a graduated glass cylinder which had 

been shortened and ground to 40 ml in volume, the cylinder is filled 

with powder, weighed and the bulk density calculated from the known 

volume. In order to reduce the effects of compaction due to variations 

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

from a fixed height through a funnel until over-flowing. Excess material 

was removed with a ruler and the cylinder and material then weighed.

4.3.2 Dry Flow Rate

Dry flow rate was measured using a standard funnel, the dimensions of 

which are given in ASTM D 1895-69 (diameter 93mm tapering down to 8.7mm 

over 114mm). Two funnels were produced, one with a machined surface 

finish, the other with a polished finish. The time taken for a 50g 

sample of powder to flow through the funnel gave a comparative 1 ease of 

flow' measurement.

This technique is actively being examined for improvements; 

inconsistencies can arise in initiating the flow of powders with poor 

particle size distributions.

4.3.3 Particle shape

Particle shape was examined using the Electron Microscope Unit 

facilities at Queen's University. Small samples of powder were attached 

to aluminium holders with adhesive and then coated in 1-2 microns of 

gold. This is necessary for the electron beam to pick up the surface as
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the polymers are non-conductive.

The micrographs (SEM’s) allowed very close up detail on individual 

particles and gave information on the general powder quality by 

examining larger numbers of particles at lower magnifications. Poor 

grinding and particle shape were easily identifiable; defects such as 

tails and distorted particles can be indications of a powder with poor 

mouldability.

Particle size distribution was more difficult to assess from the SEM's 

as the area under view was relatively small. This meant that the sample 

was unlikely to be representative of the distribution of the bulk of the 

material.

4.3.4 Particle size distribution

A vertically stacked vibrating unit was used to sieve a measured sample 

of lOOg of powder. Seven sieve dishes were mounted vertically in 

descending order of mesh size. These were, in microns, 450, 350, 250, 

212, 150, 106 and base. The weight of powder found in each pan after 2 

hours sieving gave the percentage mass of each band of particle size.

The percentage weights can then be plotted against particle size as 

either a bar chart or cumulative distribution.

Several tests were performed to establish the time at which the powder 

separated to a satisfactory degree. As the passage of the particles 

through the various meshes is a function of probability as well as 

particle size, too short a time would not allow the powder to completely 

separate and would produce inconsistencies.

Ill



4.3.5 Powder 'tacky’ temperatures

This was measured by two methods. The first involved a simple hotplate 

test where powder was placed on a heated plate with a thermocouple 

attached to it’s surface. Powder was placed on the plate and heat 

applied using a Dri-block hotplate. The temperature was taken up in 5°C 

intervals and once stabilised the plate rotated to allow the powder to 

fall. The temperature at which powder particles adhered to the surface 

was taken as the so called 'tacky1 temperature.

The second method was to examine the mechanisms of initial adherence 

during moulding. This involved the use of a small steel cylindrical 

mould of 120mm in diameter wrapped in an electric heating jacket. This 

was mounted on the spindle of a small electric motor so that it could 

rotate in the horizontal plane, see figure 4.3. This test arrangement is 

currently being developed in a separate research programme [143].

The mould was first treated with Chemtrend release agent (the same as 

used in the later series of actual moulding tests). A 'k'-type 

thermocouple was welded to the inner surface of the mould directly in 

the flow-path of the powder. Slip rings for transmission of the 

temperature signal were not available on the rig so that the 

thermocouple was connected directly to a hand held datalogging unit.

This had to be constantly rotated with the cylinder. The presence of the 

wires obviously caused a slight distortion the powder flow, but was not 

felt to interfere to a marked extent.

Powder was placed in the mould which was then heated and rotated at 20 

rpm. The heating jacket did not permit any ramp function to be applied
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to the wall temperature profile, only the selection of an upper limit to 

which the jacket slowly rose. A value of 180°C was used for 

polyethylene, polyester-elastomer and EBA and 200°C for polypropylene 

and polycarbonate. The tumbling motion of the powder was viewed through 

the open end of the mould and the temperature at which powder started to 

adhere in the area where the thermocouple was attached was measured as 

the wall temperature for stickiness to occur. The actual tacky 

temperature for the powder will obviously be reduced due to the 

temperature drop that will exist across the mould/powder interface, 

particularly in a moving boundary situation.

4.3.6 Latent Heat of Fusion

Latent heat of fusion is a measure of the energy required to melt a 

crystalline substance at a constant temperature. For a semi-crystalline 

material, such as polyethylene, this melting occurs over a temperature 

range. It is calculated from the area under a heating profile produced 

on a Differential Scanning Calorimeter. Figure 3.2 is a Specific Heat 

curve for MDPE and shows the typical shape of a DSC output trace.

These tests were performed on a Perkin Elmer DSC-7. Samples of 

approximately lOmg were scanned at 20°C/min in standard DSC aluminium 

pans. The temperature was allowed to rise to 30-40°C above the melting 

peak (if present). Software supplied with the unit automatically 

calculated the latent heat of fusion when given the start and finish of 

the melting peak.
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4.3.7 Specific Heat

Specific heat is the energy required to raise the temperature of a unit 

mass through 1°C at a constant volume or pressure. The heat added causes 

a change in the internal energy (U) and in the enthalpy (heat content,

H) of the material [144].

CP
6(U+pV)

ST

- SH -j
- ST -^p J/kg.K

This was measured using a Perkin Elmer specific heat kit [145].

The method employs a DSC-7 calibrated with a sapphire disc reference 

sample for which the specific heat is known. The sapphire standard is 

scanned over the desired temperature range and a blank (empty pan) scan 

is subtracted from this. A sample of powder is then scanned and the 

blank baseline also subtracted. The technique was slightly modified as 

the original method used a DSC-1 and a pen plotter. The DSC-7 enables 

direct mW readings of heat input to the sample to be obtained without 

the graph plotting and subsequent measurements.

The specific heat at any given temperature within the range scanned is 

given by:

(mW . - mW ) Weight ,sample blank 3 sapph ire
Cpsample - x Cpsapphire

(mWsapphire mW ) Weight , blank 3 sample

Polyethylene powder samples of approximately 10 mg were scanned over a 

40 - 200°C range (40 °C to 230°C for higher temperature materials such 

as polycarbonate) at a rate of 20°C/min.
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4.3.8 Density vs Temperature

To measure the changes in density of rotational moulding powders during 

processing was one of the most difficult and time consuming experimental 

areas. Accurate data for the transition from a powder stage through a 

low shear consolidation into a molten state was not available. The best 

data available simply used interpolated powder densities to melt 

densities across the DSC measured melting points for the polymers.

Thus, a test method was developed using a Perkin Elmer Thermomechanical 

Analyser TMS-2. This is a device which allows the measurement of minute 

physical changes in samples with respect to temperature. A schematic 

diagram of the test is shown in Figure 4.4.

The basic principle consists of measuring the movement of an almost 

weightless quartz probe resting on a sample. The probe shaft assembly is 

supported in a high density fluid to allow uniform loading of the sample 

during testing. A furnace is raised into position around the probe and 

sample and heats the entire test area. A programmable control unit 

allows selection of maximum and minimum temperatures and several ramps 

and levels between if required. The actual temperature is measured at 

the sample (but controlled by a second, assumed value calculated from 

the input ramps). As the sample expands or contracts, the movement of 

the probe is transmitted to a recording chart by a high-sensitivity 

amplifier. After heating to the required temperature the furnace is 

switched off and the sample allowed to cool slowly.

A comparison of the various temperature profiles, sample weights and 

loads was carried out in a companion study [146] to examine any 

difficulties and to ascertain the best conditions for testing.

Calibration of the probe movement was performed by resting the probe on
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a range of slip-gauges for a full deflection of approximately 2mm.

For these tests a flat tipped expansion probe was used in conjunction 

with standard DSC sample pans. These are aluminium pans of 7.0 mm in 

diameter and 1.5 mm in depth. 10-15 mg of powder was placed in the pan 

and an aluminium DSC pan lid placed on top, the probe then rested on the 

pan lid. The assembly was loaded with a small 5g mass - this value was 

the smallest available and was used to reduce the effect of powder 

compaction to a minimum whilst ensuring free movement of the probe. Heat 

was applied and the movement of the probe recorded on a plotter. The 

probe fell slowly initially as little change in the powder occurs, as 

the melting range is approached the probe falls more rapidly until a 

sudden fall with the collapse of the powder as it melts. Continued 

heating produces some expansion and at a suitable temperature for the 

polymer being tested the heater is switched off and the system allowed 

to cool. As the polymer cools it contracts and so the probe falls again, 

a dramatic change occurs at the crystallisation point. Typical curves 

for the materials are shown in Figures 4.5(a) and 4.5(b).

Initial tests with powder placed between two aluminium lids showed 

that, as expected, the end of the major change in dimensions coincided 

exactly with the melting point of the powder (as measured by DSC). When 

pans and lids were used it was found that this point was shifted by up 

to 30°C. This was found to be due to (i) non-uniform pans and (ii) 

thermal lag inside the pans due to heating of the pans by air convection 

only and the powder insulation properties. To prevent restriction of 

movement of the lids within the pans, the pans were first 'rounded' 

using a machined aluminium rod. After testing a range of heating rates, 

a 5°C/min heating ramp (which represented an actual ramp of 6.5°C/min)
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.v'.ms used to reduce thermal lag to 2-3°C.

Data for density against temperature is taken from the plotter output 

by measuring the final sample density in a density column. This produces 

an experimental point at the end of the curve that allows calculation of 

the densities in reverse. The density is directly proportional to the 

probe displacement, taking account of the pan and lid thicknesses. The 

initial density of the powder is extrapolated to the bulk density for 

the free powder to compensate for any slight compaction that does occur 

in the test.

4.3.9 Thermal Diffusivity/Conductivity

The principle of measurement described here is similar to other methods 

descibed in section 2.7 in that it depends on direct thermal 

measurements subsequently modelled by a computer program developed for 

the system.

Thermal conductivity or diffusivity measurements for a polymer powder 

system are complicated by the collapsing motion of the powder mass and 

the motion of a melting interface across which energy is absorbed as 

latent heat of fusion. A number of unsuccessful attempts were made 

either to model the system or directly measure thermal diffusivity. 

Several test rigs and configurations were also used. Not until the 

computer model was expanded and rearranged to measure conductivity by 

supplying density and specific heat profiles in conjunction with 

hotplate temperature measurements was 'accurate' modelling achieved.

Accurate absolute data is not what this test achieves, although the 

data compares favourably with others reported [126], rather it produces 

data by using a computer model which is then used for prediction for one
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rotational moulding system as a whole (see Chapter 3). It will then 

represent experimentally reproducible data.

The test developed used the Techne Dri-block hotplate as a programmable 

heat source. The arrangement, as shown in Figure 4.6, employs a steel 

ring of 95mm diameter to contain a powder mass of 45mm in depth above a 

steel base plate. The ring configuration allows symmetrical positioning 

of the thermocouples around the central region. This is assumed to 

undergo essentially one-dimensional heating. This is aided by the sides 

of the rig which acts as a hot guard ring compensating for lateral heat 

losses.

Three 'k'-type thermocouples were used to record temperatures at 

heights of 3,6 and 15mm and a fourth was welded directly to the surface 

of the base-plate. The thermocouple was welded to the plate using a 

capacitor discharge unit and the thermocouple centres were positioned as 

accurately as possible using slip-gauges.

Heat was applied using the hot-plate at 10°C/min up to 300°C for the 

PE's, EBA and elastomer, 330°C for polypropylene and 350°C for 

polycarbonate. The temperatures were arrived at from numerous tests to 

assess the rates of heating and melting for the various materials. 

Complete melting within 30-60 minutes provided a reasonable test period 

which produced a range of temperatures appropriate to moulding. The 

temperature of the surface of the block was allowed to rise at a rate of 

approximately 5 - 10°C/min.

The temperatures were recorded every 4 seconds via a bank of AD-595 AD 

amplifier chips and a 16 channel, 12 bit resolution Analogue-to-Digital 

conversion card installed in an IBM computer. Software was written to 

allow the curves to be plotted as they were recorded.
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4 - 4 Moulds

Moulds used in this study:

1. steel 'cube' 440x440 at top 400x400 at base

2. steel 'cube' 330x330 at top 300x300 at base

3. aluminium 'cube' 330x330 at top 300x300 at base 4x6mm walls

4. aluminium 'cube' 330x330 at top 300x300 at base 3/6/9/12mm walls

5. 'test' mould - various radii etc

6. cylinder mould 260mm diameter x 400mm long

The steel moulds were produced from 16 gauge (1.6mm) steel sheet with 

reinforced lids. The aluminium moulds were produced from rolled aluminum 

sheet material of various thicknesses. The 'test' mould is a cast mould 

made by a UK casting company.

Figure 4.7 gives the basic shape of the 'cube' moulds. A 2.8° draft 

angle is included in all for ease of de-moulding.

Figure 4.8 gives a schematic of the 'test' mould which contains a range 

of radii, undercuts and angles for comparing the flow and mouldability 

of materials.

4.5 Moulding

4.5.1 Moulding procedure

Moulding consisted of a number of stages:

(1) The mould surfaces were treated with a commonly used industrial 

release agent (Chemtrend) according to instructions 

supplied.

(2) The datalogger unit (see section 4.5.3) was mounted on the machine 

and the mould then mounted above this on 12mm stud rods at each
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corner (see Figure 4.9). The mould centre was slightly above the

centre of rotation in this configuration, but was held constant for 

the main body of tests.

(3) A pre-weighed shot of powder was placed in the bottom of the mould 

and the lid clamped in place with eight G-clamps. Quick release 

clamps were not necessary on the cubes. The test mould, however, 

did have integral bolts suitable for pneumatic, fastening.

(4) A vent pipe of either 15mm O.D. (6mm I.D) or 25mm O.D (18mm I.D) 

PTFE tubing was used depending on the test conditions. This was 

mounted through the lid with a standard tank type fitting. Fine 

wire wool was used to block the inner end of the 15mm pipe. This 

reduced the effect of the oven/inner air link and also prevented 

powder losses. The test mould had two vent pipes of 12mm O.D.

(5) The ratio and speeds of rotation were set according to a 

calibration performed using a Banair optical RPM counter. This used 

a light beam reflected from a piece of reflective material attached 

to the arm and plate. The calibration was performed with the mould 

loaded as for a moulding cycle to allow for changes in balence of 

the machine.

(6) Once the mould was loaded and clamped the safety frame on the 

machine was drawn forward (engaging a micro-switch linked to the 

machine logic).

(7) The heating and cooling cycle parameters were pre-set on the 

machine so that pressing 'Cycle start1 was sufficient to initiate 

heating cycle of a given duration at a set temperature (no ramping 

available), and a cooling cycle of a given duration.

(8) Cooling was solely by fan cooling during all the tests. Water
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cooling has been added to the machine but not in time to be

included in this series of tests.

(9) Once cooled to a suitable level the vent-pipe was removed, the 

mould lid un-clamped and the part removed.

4.5.2 Heat transfer coefficient
Heat transfer coefficients for the oven were assessed by temperature 

measurements made on empty moulds rotating in the oven. The datalogger 

recorded temperatures at the outside surface from thermocouples welded 

to the mould. These were attached to both steel and aluminium using a 

specially constructed capacitor discharge device. Another thermocouple 

recorded the air temperature inside the mould. These profiles were then 

examined using a thermal model for the empty mould (effectively the 

computer simulation for the process with a zero shot weight). The 

outputs for various heat transfer coefficient values were compared until 

the predicted curves for the external mould temperature and the internal 

air matched those measured experimentally.

t

4.5.3 In-mould temperature measurements
Temperature measurements during moulding were made possible by the use 

of an UltraKust Datalogger unit [147]. This was a Thermophil STOR model 

no. 4468. It consists of electronic recording and storage circuitry 

contained within a special steel casing. The electronics are protected 

inside a Dewar vessel surrounded by high temperature resistant 

insulation materials. For further protection the system is placed inside 

an insulating vessel which was able to protect the datalogger safely for 

around 80 minutes at 300°C in the driven air of the rotational moulding
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oven. Figures of up to 6 hours in an still air oven at 300°C are quoted

for the insulating vessel.

The unit stores up to 2046 readings from up to 6 recording channels 

which are transferred to a computer for evaluation after testing. 

Programming of the unit allows for a time delay or temperature trigger 

and adjustments of the time interval between recording so that use of 

the memory can be maximised.

'K' type thermocouples are directly attached to the unit and pass out 

of the insulation vessel for attachment at their recording locations.

The entire insulation vessel is mounted with brackets on the arm of the 

rotational moulding machine, and although it is not recommended that the 

unit should be rocked or rotated it has proven to be quite robust and 

survived many extreme tests.

The positions used for temperature sensing were taken at representative 

points such as the centre of one side of the cube, the outer and inner 

faces of the test mould and of course the air inside the moulds. The air 

temperature was simply recorded by a thermocouple protruding at least 

50mm beyond the end of the vent pipe. As mentioned above, the wall 

temperatures were recorded by welding the thermocouples to the surface 

using a capacitor discharge unit. More detailed temperature mapping 

across moulds was not attempted in this study.

Analysis of the data was made possible by software supplied with the 

datalogger. This allowed tabular and graphic formats as well as slope 

evaluation of the curves.

4.5.4 In-mould pressure tests

Pressures inside the mould were measured during several tests using
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the air line which passes through the centre of the machine arm. This is 

a sealed link which allowed the vent pipe of the mould to be directly 

linked to a mercury manometer outside the machine. The tests were 

carried out by effectively blocking the vent with the manometer to 

measure the limiting case for a mould in which the vent became clogged 

with polymer during moulding. The pressures produced inside the mould 

are proportional to the volume of air enclosed and the temperatures 

achieved. The change in pressure is plotted against time in tandem with 

the temperature profiles as measured by the datalogger.

4.6 Moulded part tests

4.6.1 Impact

An initial series of tests were performed on 8405 material to compare 

the effect of test conditions on the material impact strength. Samples 

were tested at room temperature, 20oC, and under cold temperature 

conditions, -20°C. This work and references to others [21,25,80,149] 

showed that the cold temperature was most sensitive to part over-cure. 

Subsequent tests used only the cold temperature test as a method for 

pin-pointing optimum properties.

Sample preparation:

Samples of 120mm x 11.9mm were cut from moulded samples using a press 

cutter on a hand operated hydraulic press. A notching ream was used to 

cut a sharp notch, of notch tip radius 0.25mm and notch depth 2.5mm on 

each side of the sample.
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Apparatus t

An Izod-type pendulum impact testing machine, which had previously been 

modified to perform instrumented tension impact tests, is shown in 

Figure 4.10 and has been fully described in reference [148]. A sample is 

struck by a pendulum at one end and is attached to a load cell at the 

other. The load cell measures the force history of the impact vs time 

using a transient recorder which is then passed to a computer via a 

charge amplifier. This data is then integrated to produce the energy 

required to break the sample.

Procedure:
The sample dimensions were measured using a micrometer before and after 

impact, the width dimension for the cross sectional area was taken as 

the width between the notch tips. A mixture of liquid nitrogen and ether 

was used to cool the samples. To carry out the tests a sample with a 

thermocouple imbedded in it was first immersed in the solution and 

cooled to around -75°C. This sample was then mounted in the grips and 

the time taken for it to reach -20°C measured. Each subsequent sample 

was then removed from the solution at -75°C and impact tested after this 

time.

4.6.2 Melt Flow Index

Also referred to as the Melt Flow Rate (MFR), this test provides a 

measure of the viscosity of molten polymers. A chopped sample of polymer 

is first melted in a barrel and then extruded through a die of known 

dimensions. The test is performed under standard conditions of 

temperature, load, die size and piston position in the barrel. The
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’weight of material extruded per 10 minutes is defined as the MFI

(g/lOmin).

Sample preparation:

For the rotationally moulded samples, the MFR was measured for the 

inner and outer faces, ie: one surface which had been in contact with 

the mould during processing and the other which had been in contact with 

the inner air. Initial tests [149] were also carried out on samples of 

the complete cross section.

To obtain samples of the skin of material at each face, a Sureform 

scraper was used to peel thin slivers from a 200 x 200mm sample taken 

from the side of each part. The test requires approximately 3-4g of 

material so that a large area was required when removing only a fraction 

of a millimetre.

4.6.3 Density

A density column was used to measure the density of samples from:

(i) DSC tests

(ii) TMA density profile tests

(iii) Moulded parts

This technique uses a specially prepared column of two liquids of 

different densities. The density varies along the length of the column 

from the lower liquid density at the top to the higher density at the 

bottom. ASTM D 1505-68 describes the required equipment and the method 

of preparation of the column. Water and iso-propanol were used to 

produce a gradient between 0.79 and 1.0 which was suitable for all the 

materials examined except the polycarbonates.
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Calibrated density standards, in the form of glass floats, were used to

plot the density gradient against graduations on the side 

The depth to which a sample placed in the column sank was 

this calibration to give a measure of density.

of the column, 

taken against
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Fig. 4.2(a) Rotational moulding machine

Fig. 4.2(b) Control panel
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Material: 8mm cast aluminium

Fig. 4.8 Test mould layout
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Fig. 5.13 Micrograph of NCPE8017 powder (x30)

Fig. 5.14 Micrograph of NCPE8628 powder (x30)
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Fig. 5.15 Micrograph of NCPE8683 powder (x30)

Fig. 5.16 Micrograph of Exxon 8761 powder (x30)
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Fig. 5.18 Micrograph of RP246H powder (x30)
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Fig. 5.19(a) Micrograph of NCPE8019 powder (x30)

Fig. 5.19(b) Micrograph of Hytrel 4056 powder (x30)
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Fig. 5.20(a) Micrograph of PP150 powder (x30)

Fig. 5.20(b) Micrograph of PP121 powder (x30)
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Fig. 5.21(a) Micrograph of PC Lexan powder (x30)

Fig. 5.21(b) Micrograph of PC Makrolon powder (x30)
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temperatures during moulding for polyethylene
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Fig. 5.68 External wall and internal air 
temperatures during moulding for polypropylene

176



Te
m

pe
ra

tu
re

 (C
)

Queen's University Belfast_______ Rotational Moulding, Research Centre
Test number : R140302 Shot weight (kg)
Mould name : CUBE Oven temperature (C)
- material : STEEL Oven time (min)
-dimensions : 330x300 Powder end (min)
Polymer type: PC Initial inner temp. (C)
- name : MAKROLONMax. inner temp. (C)

: 2.0
: 330
: 20
: 11.6
: 37.4
: 275.4

/
—

ft\
r

i

>

0 5 10 15 20 25 30 35 40 45 50 55 60

Time (Min)

Fig. 5.69 
temperatures

External wall and internal air 
during moulding for polycarbonate

177



Te
m

pe
ra

tu
re

 (C
)

Queen's University Belfast Rotational Moulding Research Centre
Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number 
Mould name
- material
- dimensions 
Polymer type
- name

R190207
CUBE
STEEL
330x300
PE/ELAST
HYTREL 226.5

Time (Min)

Fig. 5.70 External wall and internal air 
temperatures during moulding for Hytrel
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Fig. 5.71 External wall and internal air 
temperatures during moulding for Nylon
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Fig. 5.72 External wall and internal air 
temperatures during moulding for ABS
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Fig. 5.73 External wall and internal air 
temperatures during moulding of NCPE8017
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Fig. 5.74 External wall and internal air 
temperatures during moulding of NCPE8628
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Fig. 5.75 External wall and internal air 
temperatures during moulding of NCPE8683
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Fig. 5.76 Internal air temperatures during 
moulding of Exxon 8761
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Fig. 5.77 External wall and internal air 
temperatures during moulding of 8405 Blk
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Fig. 5.79 External wall and internal air 
temperatures during moulding of NCPE8019
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Fig. 5.80 Internal air temperature during 
moulding of Hytrel
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Fig. 5.81 External wall and internal air 
temperatures during moulding of PP150
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Fig. 5.82 Internal air temperature during 
moulding of PP121
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Test number : R140203 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300
Polymer type: MDPE 
-name : NCPE3017

Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

0 4 8 12 16 28 24 28 32 36 40 44 48

Time (Min)

Fig. 5.83(a) In—mould temperatures for NCPE8017

Rotational Moulding Research CentreQueen's University Belfast
Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number : R190205 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300
Polymer type: MDPE 
-name : NCPE8017 236.4

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.83(b) In-mould temperatures for NCPE8017
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Rotational Moulding Research CentreQueen's University Belfast
Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number : R220204 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300
Polymer type: MDPE 
-name : NCPE8017

13.5 >

218.1

Time (Min)

Fig. 5.83(c) In-mould temperatures for NCPE8017

Queen's University Belfast Rotational Moulding Research Centre

Test number : R280202 Shot weight (kg) 
Mould name : CUBE Oven temperature (C)
- material : .Aluminium Oven time (min)
- dimensions : 330x300 Powder end (min)
Polymer type: MDPE Initial inner temp. (C)
- name Max. inner temp. (C) 216.2

Time (Min)

Fig. 5.83(d) In-mould temperatures for NCPE8017
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Queen's University Belfast Rotational Moulding Research Centre
Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number : R140201 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: LLDPE
- name : NCPE8628

14.8
254.9

Time (Min)

Fig. 5.84(a) In-mould temperatures for NCPE8628

Queen's University Belfast Rotational Moulding Research Centre
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Test number : R190203 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: LLDPE
- name : NCPE8628

Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.84(b) In-mould temperatures for NCPE8628
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Test number 
Mould name
- material
- dimensions 
Polymer type
- name

R210205
CUBE
Aluminium
330x300
MDPE
NCPE8623

Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.84(c) In-mould temperatures for NCPE8628

Rotational Moulding Research CentreQueen’s University Belfast
Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Maic. inner temp. (C)

Test number : R280203 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: MDPE
- name 212.2

Time (Min)

Fig. 5.84(d) In-mould temperatures for NCPE8628
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Queen's University Belfast Rotational Moulding Research Centre

Shot weight (kg) : 1.5 
Oven temperature (C) : 300 
Oven time (min) : 22
Powder end (min) : 9.9 
Initial inner temp. (C) : 22.9 
Max. inner temp. (C) : 257.1

Test number : R140204 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300
Polymer type: MDPE 
-name : NCPE8683

Time (Min)

Fig. 5.85(a) In—mould temperatures for NCPE8683

Queen’s University Belfast Rotational Moulding Research Centre

Test number : 
Mould name :
- material :
- dimensions : 
Polymer type:
- name :

R190204 Shot weight (kg)
CUBE Oven temperature (C)
STEEL Oven time (min)
330x300 Powder end (min)
MDPE Initial inner temp. (C)
NCPE8683 Max. inner temp. (C)

1.5
330
15
8.85
29.5
238.1

(A X

/

300

250

200

150

100

50

12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.85(b) In—mould temperatures for NCPE8683
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Test number : R220201 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: MDPE
- name : NCPE8683

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

0 5 10 15 20 25 30 35 40 45 50 55 60

Time (Min)

Fig. 5.85(c) In-mould temperatures for NCPE8683

Queen's University Belfast Rotational Moulding Research Centre
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Test number : R010302 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300
Polymer type: L.LDPE 
-name : NCPE8683

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

1.5
330
20
12.6
29.7
215.1

5

8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.85(d) In-mould temperatures for NCPE8683
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Queen's University Belfast Rotational Moulding Research Centre

Shot weight (kg) 
Oven temperature (G) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number : R100703 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300
Polymer type: HOPE 
-name : EX8761 229.8

Time (Min)

Fig. 5.86(a) In-mould temperatures for Exxon 8761

Queen's University Belfast Rotational Moulding Research Centre
Test number : R110701 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: HOPE
- name : EX8761

Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

21.5
242.8

0 3 6 9 12 15 18 21 24 27 30 33 36

Time (Min)

Fig. 5.86(b) In-mould temperatures for Exxon 8761
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Rotational Moulding Research CentreQueen's University Belfast

Test number : r080801 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300
Polymer type: HDPE 
-name : EX8761

Shot weight (kg) : 1.5 
Oven temperature (C) : 300 
Oven time (min) : 20
Powder end (min) : 14.5 
Initial inner temp. (C) : 25.4 
Max. inner temp. (C) : 195

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.86(c) In-mould temperatures for Exxon 8761

Rotational Moulding Research CentreQueen's University Belfast
Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number : R310702 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300
Polymer type: HDPE 
-name : EX8761

: 12.83

208.5

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.86(d) In—mould temperatures for Exxon 8761
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Queen’s University Belfast Rotational Moulding Research Centre

Test number : R140205 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: MDPE
- name : 8405 BLK

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

300

250

2130

150

100

50

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.87(a) In-mould temperatures for 8405 Blk

Queen's University Belfast Rotational Moulding Research Centre
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Test number : R190202 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: MDPE
- name : 8405 BLK

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

12 16 20 24 23 32 36 40 44 48

Time (Min)

Fig. 5.87(b) In-mould temperatures for'8405 Blk
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Queen's University Belfast Rotational Moulding Research Centre
Test number : R310701 Shot weight (kg) : 1.5
Mould name : CUBE Oven temperature (C) : 300
-material : Aluminium Oven time (min) : 20
-dimensions : 330x300 Powder end (min) : 14.27
Polymertype: MDPE Initial inner temp. (C) : 23.3
-name : 8405 Blk Max. inner temp. (C) : 189

Time (Min)

Fig. 5.87(c) In—mould temperatures for 8405 Bik

Queen's University Belfast Rotational Moulding Research Centre
Test number : R280205 Shot weight (kg) 
Mould name : CUBE Oven temperature (C)
- material : Aluminium Oven time (min)
- dimensions : 330x300 Powder end (min)
Polymertype: MDPE Initial inner temp. (C)
- name : 8405 BLK - JVIax. inner temp. (C) 227.2

Time (Min)

Fig. 5.87(d) In-mould temperatures for 8405 Bik
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Rotational Moulding Research CentreQueen's University Belfast
Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number : R100701 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: MDPE
- name : RP246H 254.4

Time (Min)

Fig. 5.88(a) In-mould temperatures for RP246H

Rotational Moulding Research CentreQueen's University Belfast
Shot weight (kg) : 1.5 
Oven temperature (C) : 330 
Oven time (min) : 15
Powder end (min) : 9.45 
Initial inner temp. (C) : 25.2 
Max. inner temp. (C) : 228.2

Testnumber : R190201 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: MDPE
- name : RP246H

100

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.88(b) In—mould temperatures for RP246H
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Rotational Moulding Research Centre

Shot weight (kg) : 1.5
Oven temperature (C) : 300 
Oven time (min) : 24
Powder end (min) : 14.4 
Initial inner temp. (C) : 31.1 
Max. inner temp. (C) : 215.1

Test number : R210204 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: MDPE
- name : RP246H

Time (Min)

Fig. 5.88(c) In-mould temperatures for RP246H

Queen's University Belfast Rotational Moulding Research Centre
Test number
Mould name
- material :
- dimensions : 
Polymer type:
- name :

R280201
CUBE
Aluminium
330x300
MDPE
RP246H

Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

1.5
330
22
13.7
30.1
227.2

V*—'

. \\\

•

y

300

250

200

150

100

50

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.88(d) In-mould temperatures for RP246H
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Rotational Moulding Research CentreQueen's University Belfast
Test number : R140202 Shot weight (kg) 
Mould name : CUBE Oven temperature (C)
- material : STEEL Oven time (min)
- dimensions : 330x300 Powder end (min)
Polymer type: EBA Initial inner temp. (C)
-name : NEWN1420 Max. inner temp. (C) 236.8

Time (Min)

Fig. 5.89(a) In-mould temperatures for NCPE8019

Queen's University Belfast Rotational Moulding Research Centre
Test number : R190208 Shot weight (kg) 
Mould name : CUBE Oven temperature (C)
- material : STEEL Oven time (min)
- dimensions : 330x300 Powder end (min)
Polymer type: EBA Initial inner temp. (C)
-name : NEWN1420 Max. inner temp. (C) 186.9

0 3 6 9 12 15 18 21 24 27 30 33 36
Time (Min)

Fig. 5.89(b) In-mould temperatures for NCPE8019
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Queen's University Belfast Rotational Moulding Research Centre
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Test number : R020302 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: EBA

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C)

- name : NEWN1420 Max. inner temp. (C)

1.5
300
16
10.7
28.4
175.6

sI y
___

//
0 5 10 15 20 25 30 35 40 45 50 55 60

Time (Min)

Fig. 5.89(c) In—mould temperatures for NCPE8019

Queen's University Belfast Rotational Moulding Research Centre

Test number 
Mould name
- material
- dimensions

R020307
CUBE
Aluminium
330x300

Polymer type: EBA 
-name : NEWN1420

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

300

250

200

150

100

50

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.89(d) In-mould temperatures for NCPE8019
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Queen's University Belfast Rotational Moulding Research Centre

Test number : R140206 Shot weight (kg)
Mould name : CUBE Oven temperature (C)
- material : STEEL Oven time (min)
- dimensions : 330x300 Powder end (min)
Polymer type: PE/ELAST Initial inner temp. (C)
- name : HYTREL Max. inner temp. (C) 233.8

Time (Min)

Fig. 5.90(a) In—mould temperatures for Hytrel

Queen's University Belfast Rotational Moulding Research Centre

Test number ; 
Mould name ;
- material :
- dimensions : 
Polymer type:
- name :

R190207
CUBE
STEEL
330x300
PE/ELAST
HYTREL

300

250

200

150

100

50

Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Fig. 5.90(b) In—mould temperatures for Hytrel
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Queen's University Belfast Rotational Moulding Research Centre
Test number : 
Mould name :
- material :
- dimensions : 
Polymer type:
- name :

R020301
CUBE
Aluminium
330x300
PE/ELAST
HYTREL

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

300

250

200

150

100

50

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.90(c) In—mould temperatures for Hytrel

300

Queen's University Belfast 

Test number : R020303 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: PE/ELAST
- name : HYTREL

Rotational Moulding Research Centre
Shot weight (kg) : 1.5 
Oven temperature (C) : 330 
Oven time (min) : 16
Powder end (min) : 12.7 
Initial inner temp. (C) : 28.2 
Max. inner temp. (C) : 202.5

250

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.90(d) In—mould temperatures for Hytrel
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Queen's University Belfast Rotational Moulding Research Centre
Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number : R150201 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: PP
- name : PP150

15.25

243.6

Time (Min)

Fig. 5.91(a) In-mould temperatures for PP150

Queen's University Belfast Rotational Moulding Research Centre
Test number : R150204 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: PP
- name : PP150

Shot weight (kg) : 1.5
Oven temperature (C) : 330 
Oven time (min) : 16
Powder end (min) : 13.1 
Initial inner temp. (C) : 24.3 
Max. inner temp. (C) : 245.,

Time (Min)

Fig. 5.91(b) In-mould temperatures for PP150
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Queen’s University Belfast Rotational Moulding Research Centre
Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Test number : R220206 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: PP
- name : PP150 233.5

Time (Min)

Fig. 5.91(c) In—mould temperatures for PP150

Rotational Moulding Research CentreQueen's University Belfast
Shot weight (kg) : 1.5
Oven temperature (C) : 330 
Oven time (min) : 18
Powder end (min) : 18.4 
Initial inner temp. (C) : 30.9 
Max. inner temp. (C) : 191.2

Test number : R020305 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: PP
- name : PP150

Time (Min)

Fig. 5.91(d) In-mould temperatures for PP150
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Test number : R150202 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: PP
- name : PP121

Rotational Moulding Research Centre
-----------------------------------------------------------------------------------------—

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

Fig. 5.91(a) In-mould temperatures for PP121

Queen's University Belfast Rotational Moulding Research Centre

Test number : R150203 
Mould name : CUBE
- material : STEEL
- dimensions : 330x300 
Polymer type: PP
- name : PP121

Shot weight (kg) : 1.5 
Oven temperature (C) : 330 
Oven time (min) : 16
Powder end (min) : 12.9 
Initial inner temp. (C) : 28.2 
Max. inner temp. (C) : 238.3

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.91(b) In-mould temperatures for PP121
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Queen's University Belfast Rotational Moulding Research Centre

Shot weight (kg) : 1.5 
Oven temperature (C) : 300 
Oven time (min) : 26
Powder end (min) : 19.7 
Initial inner temp. (C) : 27.8 
Max. inner temp. (C) : 225.1

Test number : R220205 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: PP
- name : PP121

Time (Min)

Fig. 5.92(c) In-mould temperatures for PP121

Queen's University Belfast Rotational Moulding Research Centre
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Test number : R020306 
Mould name : CUBE
- material : Aluminium
- dimensions : 330x300 
Polymer type: PP
- name : PP121

Shot weight (kg) 
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (Min)

Fig. 5.92(d) In-mould temperatures for PP121
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Fig. 5.93 Comparison of external -wall temperatures 
for a 1.8mm steel mould and a 6mm aluminium mould 

at an oven temperature of 300C
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Fig. 5.94. Comparison of external wall temperatures 
for 1.8mm steel mould and 6mm aluminium mould 

at an oven temperature of 330C
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Fig. 5.95 Comparison of internal air profiles for
three moulds
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Queen’s University Belfast Rotational Moulding Research Centre

Test number : 
Mouldname :
- material :
- dimensions : 
Polymer type:
- name :

R100702
CUBE
STEEL
330x300
PC
LEXAN

Shot weight (kg)
Oven temperature (C) 
Oven time (min) 
Powder end (min) 
Initial inner temp. (C) 
Max. inner temp. (C)

2.0
330
13
11.7
23.5
264

•"v\
\

/
/

300

250
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100

50

0 12 15 18 21 24 27

Time (Min)'
30 33 36

Fig. 5.96 In-mould temperatures for PC Lexan

Rotational Moulding Research CentreQueen's University Belfast

Testnumber : R140302 Shot weight (kg) 
Mouldname : CUBE Oven temperature (C)
- material : STEEL Oven time (min)
- dimensions : 330x300 Powder end (min)
Polymer type: PC Initial inner temp. (C)
- name : MAKROLONMax. inner temp. (C)

37.4
275.4

Time (Min)

Fig. 5.97 In-mould temperatures for PC Makroion
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Tomo data 
■*- Ramazzotti data 

440 cube at 270C 
330 cube at 300C

440 cube (270C)

330 cube (300C)

Tomo

Ramazzotti

Part wall thickness (mm)

Fig. 5.98 Times to powder end for MDPE in 330mm 
and 440mm steel cubes
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Fig. 5.99 Comparison of internal temperature 
profiles for a range of part thicknesses 

(RP246H - 330x300 steel mould - 300C oven)
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Fig. 5.100 Wall thickness distribution variation 
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Oven time = 14min

Oven time = 16min

Oven time = 18min

Fig. 5.112(a) External surface (x52.5) of moulded 
part (RP246H — 2.7mm — steel mould — 300C)



Oven time = 22min

Fig. 5.112(b) External surface (x52.5) of moulded 
part (RP246H - 2.7mm - steel mould - 300C)



Oven time = 12min

Oven time = 14min

Fig. 5.113(a) Internal surface (x240) of moulded 
part (RP246H - 2.7mm - steel mould - 300C)



Oven time = 18min

Oven time = 20min

Oven time = 22min

Fig. 5.113(b) Internal surface (x240) of moulded 
part (RP246H - 2.7mm - steel mould - 300C)



Oven time = 12min

Fig. 5.114(a) Cross-section (x30 crossed polar.) 
(RP246H — 2.7mm — steel mould — 300C)



Fig. 5.114(b) Cross-section (x30 crossed polar.) 
(RP246H — 2.7mm — steel mould — 300C)



(b) Magnification x300

Fig. 5.115 Close-ups of inner surface region 
(RP246H - 2.7mm steel mould - 300C)



Oven time = 18min

Oven time = 22min

Fig. 5.116(a) Internal surface (x240) of moulded 
part (RP246H — 5.6mm - steel mould — 300C)



Oven time = 28min

Fig. 5.116(b) Internal surface (x240) of moulded 
part (RP246H — 5.6mm - steel mould — 300C)



(a) Magnification x30

(b) Magnification x300

Fig. 5.117 Cross-section (x30 crossed polar.) 
at 28 min (RP246H — 5.6mm- steel mould — 300C)
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for empty steel mould rotating in oven at 300C
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Fig. 5.124 Contact time distributions for sphere 
over a range of ratios of rotation
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Fig. 5.125 Contact time distributions for a vertical 
ellipsoid (l/d=2) for a range of ratios of rotation
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Fig. 5.127 Contact time distributions for a horizontal 
ellipsoid (l/d=2) for a range of ratios of rotation
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MOTION OF MOULD RELATIVE TO HEAT SOURCE 
OFFSET: PIRATE = 60% ARM— 60%

Fig. 5.129 Spherical mould position 
relative to machine arm
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MOTION OF MOULD RELATIVE TO HEAT SOURCE 
OFFSET: PLATE = 60% ARM= 60% RA TIO— 1 0 :1

Fig. 5.130 Path of mould through oven 
for ratio of rotation 1:1
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MOTION OF MOULD RELATIVE TO HEAT SOURCE 
OFFSET: PLATE— 60% ARM= 60% R.ATIO= 2 0:1

Fig. 5.131 Path of mould through oven 
for ratio of rotation of 2:1
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MOTION OF MOULD RELATIVE TO HEAT SOURCE 
OFFSET: PLATE = 60% ARM- 60% RATION

HE,

4.0: j

Fig. 5.132 Path of mould through oven 
for ratio of rotation 4:1
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MOTION OF MOULD RELATIVE TO HEAT SOURCE 
OFFSET: PLATE = 60% ARM— 0% RATIO- 3.0

Fig. 5.133 Motion of cylindrical mould through

oven for ratio of rotation 3:1
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Fig. 5.134 Computer predicted temperature profiles 
for 1.5kg MDPE at 300C in 330x300mm steel mould
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computer predicted external wall temperatures 

(RP246H - 1.5kg — 330x300 steel mould - 300C oven)
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Fig. 5.136 Comparison between experimental and 
computer predicted internal air temperatures 

(RP246H - 1.5kg - 330x300 steel cube - 300C oven)
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Fig. 5.138 Comparison of predicted internal air 
temperatures for a range of part wall thicknesses 

(RP246H — 330x300 steel mould - 300C Oven)
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Fig. 5.140 Predicted temperature profiles for PP121 
in steel mould (1.8mm) in oven at 300C
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Fig. 5.141 Predicted temperature profiles for PP121 
in aluminium mould (6.2mm) in oven at 300C
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Fig. 5.142 Predicted temperature profiles for NC8019 (EBA) 
in steel mould (1.8mm) in oven at 300C
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Fig. 5.143 Predicted temperature profiles for Hytrel 
in steel mould (1.8mm) in oven at 300C
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Fig. 5.144 Predicted temperature profiles for PC Lexan 
in steel mould (1.8mm) in oven at 330C
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Fig. 5.145 Predicted and experimental times to 
powder end for Sclair 8405 (MDPE) in 440x400mm steel 

mould at 270C for a range of part thicknesses
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Fig. 5.146 Predicted and experimental data for time 
to powder end and internal air temperature of 200C 

(RP246H — 330x300mm steel mould — 300C oven)
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Fig. 5.147 Comparison of predicted and experimental 
internal air temperatures for 21mm thick part 

(Sclair 8405 — 440x400mm steel mould - 270C oven)
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Fig. 5.148 Time to powder end for three mould materials 
across a range of part wall thicknesses 

(RP246H - 330x300mm mould — 300C oven)
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Fig. 5.150 Predicted effect of mould wall thickness 
on time to powder end for steel and aluminium moulds 

(RP246H - 2.7mm part - 330x300mm mould - 300C oven)
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'Chapter & 
Discussion

This research programme has consisted of a combination of experimental 

and theoretical studies directed at the heat transfer aspects of the 

rotational moulding process. In the discussion these have been divided 

into four broad areas as follows:

(1) Polymer powder properties.

Comparisons are drawn between the physical and thermal properties 

of the powders. Much of this data forms the basis of the material 

properties input for the final computer simulation.

(2) Moulding.

A detailed examination of the mechanisms involved in the 

rotational moulding process is carried out based on temperature 

measurements made during moulding.

The bulk of the experimental work covers two major test 

programmes:

(i) a comparison between all the available materials using a 

selected set of processing conditions

(ii) a detailed examination of the moulding characteristics of one 

material (RP246H) under a wider range of conditions. The effect 

of these conditions is examined using in-mould measurements and 

supplemented by tests on the moulded products.

Moulding trials were also performed to establish the viability 

of producing thick walled parts (up to 26mm) and to assess the 

effect of variables such as internal pressurisation.

(3) Post-moulding properties.
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The effect of process variables on part properties was examined 

using a range of tests. Of these, low-temperature impact strength 

and MFI are highlighted as major indicators of the effects of 

degradation.

(4) Computer predictions.

Physical and thermal data for each of the materials is used to 

compare computer predicted results with measurements made during 

moulding. Extended results are compared for varying wall thickness, 

mould material and oven temperature for the RP246H material.

6.1 Polymer powder properties

6.1.1 Particle size distribution and shape

All the powders tested were nominally ground to 35 mesh (500 micron).

As a result, their physical characteristics are generally quite similar. 

The particle size distributions (Figures 5.1 to 5.12) are skewed towards 

the larger particle sizes. This is particularly true for the co-polymers 

EBA and Hytrel and for the polypropylenes. This may be due to the fact 

that these materials are somewhat more difficult to grind than 

polyethylene or it may have been because they were ground in small 

batches on machines which had been set up essentially for polyethylene. 

The polypropylenes showed a tendency to produce tails during grinding 

(Figures 5.20(a) and 5.20(b)). All the polyethylene powders were 

relatively free of tails (Figures 5.13 to 5.18); on a cursory 

examination they all appear well polished although no quantitative 

comparison of shape is carried out here. The polycarbonates have a 

smaller proportion of fines than the other materials (Figures 5.21(a)
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an>3 5.21(b)). The two co-polymers tested here (NCPE8019 - EBA and Hytrel 

- polyester elastomer) generally had larger particles (Figures 5.19(a) 

and 5.19(b)).

The use of micrographs for particle size distribution is limited by the 

field of view. A small sample is not necessarily representative of the 

powder as a whole; Figure 5.13 of NCPE8017 contains a very large 

proportion of fines whereas the particle size distribution of Figure 5.1 

for the same powder shows that the distribution is typical of rotational 

moulding powders, ie:skewed towards the larger particles.

6.1.2 Bulk density

Table 6.1 lists the bulk powder densities for the powders and compares 

them with the manufacturers final density values.

The bulk density of free flowing powders is generally about 1/3 to 1/4 

of the final density. Hairy or very irregular shapes cause the bulk 

density to be very low (such as PP150). The polycarbonate materials have 

lower bulk densities than expected due to the sharp irregular particle 

shapes. The Exxon 8761 and Sclair 8405 Blk materials are particularly 

well polished and have higher bulk densities than the other 

polyethylenes.
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Material Type Bulk Density 
(kg/m3)

Final density 
(kg/m3)

NCPE 8017 MDPE 321 934
NCPE 8628 MOPE 329 934
NCPE 8683 LLDPE 317 924
Exxon 8761 HDPE 402 942
8405 BLK MDPE 385 934
RP246H MDPE 336 934
NCPE 8019 EBA 375 924
Hytrel4056 PE/Elast 433 1160
PP150 PP 240 905
PP121 PP 306 905
Lexan PC 357 1200
Makrolon PC 363 1200

Table 6.1 Powder bulk density

6.1.3 Powder flow
The values measured for powder flow are shown in Table 6.2. These are 

the time taken for 50g of material to flow through the funnel with the 

polished surface. All the powders were relatively free-flowing apart 

from the PP150 material which would not flow, even when tapped. The EBA 

(NCPE8019) and Hytrel materials with a shift in particle size towards 

larger, rounded particles flowed particularly easily (16.0 and 17.5 sec) 

The polyethylenes lay in the range, 19.8 to 24.0 seconds, the upper end 

of which was still quite free flowing.

Tests carried out on a machined surface finish funnel produced results 

approximately 5-10% slower than the values below. The effects of 

friction at the walls is quite strong since the particles, even 

relatively well polished ones, will link throughout the bulk mass and 

cause a slip-stick motion. Very spherical particles (eg: acrylic 

spheres) flow extremely fast as there is a minimum of

particle-to-particle interaction, values recorded for these were as low 

as 6 seconds.
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Material Type Time (50g powder) 
(s)

NCPE 8017 MDPE 21.8
NCPE 8628 MDPE 22.2
NCPE 8683 LLDPE 24.0
Exxon 8761 HOPE 20.5
8405 Blk MDPE 19.8
RP246H MDPE 19.8
NCPE 8019 EBA 16.0
Hytrel4056 PE/Elast 17.5
PP150 PP no flow
PP121 PP 25.5
Lexan PC 20.9
Makrolon PC 18.0

Table 6.2 Dry flow rates (ASTM D 1895-69)

6.1.4 Latent heat of fusion

Latent heat of fusion is a measure of the energy required to melt a 

particular material. It gives an indication of the level of 

crystallinity within that material. Table 6.3 lists the values obtained 

for the test materials from the DSC tests.

Material Type Melting peak 
temperature (°C)

Latent heat of 
fusion (J/ g)

NCPE 8017 MDPE 127.1 122.9
NCPE 8628 MDPE 127.1 124.9
NCPE 8683 LLDPE 125.5 97.5
Exxon 8761 HOPE 133.8 177.5
8405 BLK MDPE 127.1 136.2
RP246H MDPE 127.9 139.9
NCPE 8019 EBA 98.4 61.8
Hytrel4056 PE/Elast * *
PP150 PP 165.3 69.9
PP121 PP 165.0 65.8
Lexan PC * •k

Makrolon PC * *

* - fuses without producing a melting peak

Table 6.3 Latent heat of fusion and melting peaks
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Table 6.3 also lists the melting peak temperature. hs can be seen the

melting points for all the medium density polyethylenes are very similar 

(12'7.1°C to 127.9°C). The only LLDPE tested here exhibits a lower value 

whereas the HDPE is higher. The polypropylenes are very similar with 

much higher values again. The amorphous materials (Hytrel and 

polycarbonate) did not exhibit a melting peak; the absence of a latent 

heat of fusion meant that no value for a melting point could be 

determined (a value for this was obtained from density change 

measurements). EBA, as a co-polymer, produced two peaks, the higher of 

which was at 98.4°C.

The values of latent heat of fusion follow much the same pattern as the 

melting points with the exception of polypropylene which has a much 

lower value than any of the polyethylenes. The lower crystallinity level 

of LLDPE reduces the material latent heat value (97.5 J/g) from the MDPE 

range (122-139 J/g) whilst the higher crystallinity value of HDPE raises 

it's latent heat beyond this range (177.5 J/g).

6.1.5 Specific heat vs temperature
The values of specific heat vs temperature for all the materials are 

plotted in Figures 5.22 to 5.33. These are values as measured at a 

constant pressure (atmospheric). The curves take the shape of the DSC 

output traces of heat input to a sample pan to maintain a temperature 

rise equivalent to a reference pan rising at a preset rate, in this case 

20°C/min. Those materials which exhibit a melting peak have a 

corresponding peak in specific heat (ie: the energy required to raise 

the temperature of the sample through 1°C rises as heat is absorbed by 

the latent heat of fusion). The specific heat for Hytrel does drop
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slightly as the material melts at around 150°C and the amorphous 

polycarbonates have kinks at around 130°C. EBA exhibits two peaks.

The values measured are of the same order as the quoted values [150] 

for PE, PP and PC although exact comparison between grades is not 

possible.

6.1.6 Density vs temperature

Figures 5.34 to 5.43 show how the density of the powders changes with 

temperature. It is difficult to achieve great accuracy in measurements 

of this nature. Changes such as sample weight and sample depth will 

introduce complications such as thermal lag, and density gradients 

within a sample. Also, the rate of heating will affect the rate at which 

heat will penetrate the sample so that the slow rates of heating which 

are required for measurement do not necessarily relate to temperature 

gradients found in a moulding situation. Typically these tests were 

performed at approximately 6°C/min whereas during moulding the rate may 

be in the region of 25-30°C/min. Small samples of powder, around llmg 

were used which produced an initial depth of 1.2-1.5mm which then 

collapsed to 0.5mm. Such small measurements can amplify errors greatly 

so that care had to be taken to ensure free movement of both the 

measuring equipment and of the lids relative to the pans containing the 

powder. Since the computer model for which this data is required, deals 

with segments of powder initially 0.3mm in depth, the actual measurement 

range is of the same order.

Conversion of the TMA measurements was carried out by a linear 

conversion of scales. The initial density was assumed to be the bulk 

density of the powder and the movement of the probe converted to density
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accordingly- Density changes for cooling were also measured for later 

reference in the ROTOSIM program, although they are not presented here.

For all materials, the bulk density changes little until close to the 

melting point of the material when the powder particles begin to melt 

and fuse. The subsequent decrease in viscosity and capillary action 

between particle contact points cause the porous structure of powder to 

collapse to a melt. This occurs over a relatively short temperature 

range for all the materials (except polycarbonate which fuses over a 

range of approximately 50°C from 150-200°C). The temperature at which 

the collapse is complete occurs just after the peak temperature reading 

of the DSC measurements in Table 6.3.

For Hytrel and polycarbonate this test gives an indication of the 

melting or softening point for these materials. Hytrel softens at 140°C 

and is molten by 175°C under these conditions. Polycarbonate softens at 

140°C also and is assumed to be molten by approximately 210°C (data 

sheet values place the Vicat softening temperature of solid material at 

157°C (315°F)). At around 150°C polycarbonate exhibits a slight kink 

which was consistent and repeatable for both Lexan and Makrolon 

materials. At higher rates of heating this kink could be shifted to 

170°C [146], although this may be attributable to thermal lag.

6.1.7 Thermal conductivity/diffusivity

The measurement of the thermal transport properties of the test powders 

has been the most difficult aspect of this work. Although polymer 

thermal conductivity and thermal diffusivity data is becoming more 

readily available, the application of this to a powder system is not 

possible. To obtain powder to melt data, a model has been developed
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(Chapter 3) to analyse temperature measurements during a hotplate/powder 

test. Even for such a simple configuration the complex interfacial 

problems are difficult to model theoretically so that the final use of 

the data is very much tempered by experimental knowledge. The data 

presented here is the current set of data for which the model is 

configured, the interfacial model will be up-dated in an on-going 

project.

The system is shown in Figure 6,1. At the start of heating the 

interface between the powder and the base-plate is non-continuous. 

Particles touch the surface at one point only so that the majority of 

the area across which heat transfer occurs is via interstitial air 

pockets. Heat transfer through the air pockets is by a conductive mode 

rather than convection as the spaces are so small that convection cannot 

occur. At the contacts between the powder particles and the base, there 

will be a level of contact resistance in a low pressure situation such 

as rotational moulding. As heating proceeds, the particles melt at the 

points of contact and 'wet' the surface, spreading out to fill the gaps 

where no contact occurs. This effectively reduces the resistance to heat 

flow across the interface as the area of direct contact between the 

polymer mass and the base increases. This area does not reach 100% 

immediately all the polymer has melted because small pockets of gas will 

remain in intimate contact with the wall; however, these will 

dissolve/diffuse into the polymer under an extended time and temperature 

regime [25].

There is thus a sharp drop in temperature across a short distance at 

the interface which effectively reduces the level of heat which is 

transferred upwards through the powder mass. Figure 6.2 shows a
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temperature profile for a particulate mass in contact with a hot 

surface. Measurements were made in this region using a thermocouple 

welded to the base-plate, another just resting on the surface and three 

more at 0.5, 1 and 3mm respectively. Figures 5.44 and 5.45 show results 

for baseplate heating rates of 5°C/min and 10°C/min using RP246H MDPE 

material. As can be seen, there is a large temperature drop between the 

thermocouple attached to the baseplate and the thermocouple resting on 

the surface. This drop reduces considerably once the polymer melts and 

can be seen from the kink in the curve at approximately 127°C. The 

temperature differences between the contacting thermocouple and those at 

0.5 and 1mm are less dramatic and indicate continuous conduction through 

the powder.

Figure 6.3 divides a typical set of curves into three distinct zones. 

Zone 1 - a homogeneous powder system prior to melting 

Zone 2 - a melting interface moves upward from the base through the 

powder mass

Zone 3 - a 'homogeneous' molten system (this region will initially 

contain trapped bubbles of air)

The dividing lines between these regions intersect at the baseplate 

profile at the melting point of the polymer. This corresponds to the 

first instance of melting at the points of contact for those particles 

immediately adjacent to the baseplate. This results in an absorption of 

energy and the introduction of a moving internal boundary which reduces 

the rate of heat transmission to upper layers.

For both 5°C/min and 10°C/min heating rates, the percentage drops in 

interface temperature are very similar, 20% across a powder interface

281



and between 9 and 10% across a melt interface. Whilst the actual 

mechanism of contact resistance at the interface is obviously related to 

many variables and is more complex than a simple factor, these values 

provide an indication of what must be achieved by any model of the 

system. Figure 5.46 compares computer predicted profiles with 

experimentally measured temperatures at 3mm and 6mm above the baseplate.

Comparing a hotplate test such as this directly with a moulding 

situation requires the assumption that for the bulk of the contact area 

of the powder mass with the mould there exists a band of powder in 

relatively static contact. This assumption has been examined by 

observing the motion of powder in the open ended cylinder mould. For low 

rates of rotation, much of the chord across which the powder touches the 

mould is static relative to the mould. At the leading and trailing edges 

there is motion away from and onto the surface, so that, as expected, 

the assumption does not hold in these regions.

Heat transfer to a moving mass of particles is incorporated in computer 

models of fluidised beds which can deal with the scrubbing action of 

particles in contact with a hot surface for very short periods 

[151,152], ie: in constant motion. These treat the conductive system at 

the interface as a combination of point contact for particles and air 

contact in between; this can be either at a particulate level or as 

clumps (or emulsions) of a number of particles. Beds such as these are 

effectively high speed versions of the early stages of rotational 

moulding. As rapid motion between particles and the hot surface is the 

major contributor to the high rates of heat transfer achievable in such 

systems, lower values are to be expected for the much slower, almost 

static, interaction found in rotational moulding.
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The conductivity data is presented as an effective value for the 

hotplate output which is then used directly in a similar set of 

equations incorporated in the final model (see figures 5.47 to 5.56). 

They are lower than typical published data because of the inclusion of 

the interfacial temperature drop within a system which assumes perfect 

thermal contact and also as they combine the polymer and air properties 

of the powder system into a single value.

The trends shown in the data are consistent with the physical system in 

that the powder mass will obviously have a lower conductivity as air has 

a conductivity considerably lower than the polymer particles 

(k . =0.026W/mK; lu^ =0.182W/mK) and the contact area between the 

particles is small [150]. The value rises rapidly through the melting 

point as the powder condenses to a solid melt.

6.1.7.1 Comparison of values

By including the interfacial temperature drop in the baseplate profile 

(ie: using the thermocouple readings from 0.0mm at the baseplate surface 

as the driving temperature rather than the baseplate thermocouple 

readings) higher values of thermal diffusivity are obtained. These are 

more consistent with other measured data. Thermal diffusivity data for 

MDPE is plotted against measurements made by RAPRA Technology on similar 

MDPE powder in Figure 5.57. The RAPRA values are a combination of two 

test runs, one for powder until it collapsed and another for a 

compression moulded sample above its melting point. There is a marked 

difference in values in the powder region, but both show very similar 

values for the solid material in the melt region.

Values for thermal conductivity are readily available elsewhere [150]
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for solid materials. HDPE has a room temperature thermal conductivity 

range of 0.46-0.519 W/mK. whilst the melt conductivity measured here is 

0.18 W/mK, considerably lower as expected because of the interfacial 

temperature drop. Similarly, LDPE has a typical value of 0.335W/mK 

whilst that obtained here is 0.14 YJ/mK.

6.1.7.2 New model
A new model is being proposed for future development whereby the 

interfacial characteristics of particle point contact and air pocket 

conduction are to be incorporated. This will effectively divide the 

layer adjacent to the hot surface (whether mould or base-plate) into a 

combination layer of direct polymer contact and indirect air contact. 

More experimental testing will be required across the interface to 

establish the correct ratios. A new experimental rig is being designed 

to allow more accurate measurements in and around the interface region 

with thermocouples incorporated in the baseplate rather than fused to 

it's surface. It is also proposed that a similar examination of the melt 

surface which moves out through the powder should be carried out. 

Although melting will occur across a finite depth rather than at a 

sharply defined interface, an interfacial drop in temperature must occur 

where a solid melt meets a powder mass.
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6.1.8 Tacky temperatures

Material Type Measured wall 
temperature (°C)

NCPE 8017 MDPE 113.9
NCPE 8628 MDPE 112.5
NCPE 8683 LLDPE 110.8
Exxon 8761 HDPE 120.0
RP246H MDPE 115.0
8405 Blk MDPE 114.0
NCPE 8019 EEA 77.0
Hytrel4056 PE/Elast 118.0
PP121 PP 139.0
Lexan PC 164.0

Table 6.4 Powder tacky temperatures for heated cylinder

These values are for one set of conditions in an electrically heated 

cylinder. For a more complete analysis it would be prudent to explore 

the effects of a range of heating rates and speeds of rotation. However, 

as a guide to typical values of tackiness they are sufficient and over 

several tests on one material were quite repeatable for similar 

conditions. Values quoted by others are much lower as they relate to 

powder temperatures after a period of rest [25,117]. Considering that 

for this system, where an interfacial temperature drop of around 20% can 

be expected, the actual powder temperatures adjacent to the wall will 

have temperatures of approximately 90-95°C which is close to quoted 

temperatures. In terms of assessing the 'tacky' temperature this method 

provides a more dynamically realistic approach and is well suited for 

incorporation into a computer based model.

6.2 Moulding conditions

Experimental moulding covered many areas. Two major sets of tests were 

carried out to test the ROTOSIM program and ROTOLOG (a Diagnostic System
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developed in conjunction with the simulation) and several smaller sets

of tests incidental to the main series. These are detailed below:

(a) the following tests were performed on each of materials 1 to 10. The 

oven cycle time was chosen deliberately to approach or exceed the point 

at which over-cure would occur so that the temperature recordings 

covered the entire useable heating cycle.

1.5kg shot weight - 300°C - mould 2 (steel cube 4 x 1.6mm sides)

1.5kg shot weight - 330°C - mould 3 (steel cube 4 x 1.6mm sides)

1.5kg shot weight - 300°C - mould 2 (aluminium cube 4 x 6mm sides)

1.5kg shot weight - 330°C - mould 3 (aluminium cube 4 x 6mm sides)

0.85kg shot weight - 330°C - mould 5 (test mould 8mm aluminium)

Materials 11 and 12 (polycarbonates) were tested at:

2.0kg shot weight - 330°C - mould 2 (steel cube 4 x 1.6mm sides)

(b) a more comprehensive series of tests was performed on natural 

Enichem RP246H (eguivalent to Sclair 8504) and natural Sclair 8405 

material. This involved a range of moulding times in steps of two 

minutes to examine the effect on final part properties of:

(i) mould material

(ii) oven temperature

(iii) mould size

(iv) shot weight

Table 6.5 lists the range of test conditions:
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Mould Material Oven
temp. (°C)

Cycle times 
(mins)

Shot weight
(kg)

Wall
Thickness

Cube 1 8405 240 14 - 34 3.0 3.2
Cube 1 8405 270 12 - 28 3.0 3.2
Cube 1 8405 300 10 - 26 3.0 3.2
Cube 1 8405 330 10 - 20 3.0 3.2
Cube 2 RP246H 270 14 - 26 1.5 2.7
Cube 2 RP246H 300 12 - 24 1.5 2.7
Cube 2 RP246H 330 10 - 20 1.5 2.7
Cube 3 RP246H 270 18 - 34 1.5 2.7
Cube 3 RP246H 300 18 - 30 1.5 2.7
Cube 3 RP246H 330 14 - 26 1.5 2.7
Cube 2 RP246H 300 14 - 38 0.5 - 6.5 1.0 - 12.0
Cube 1 8405 300 15 - 95 2.0 - 20 2.1 - 22.0

Table 6.5 Range of test conditions for properties analysis

Other tests included:

(i) powder fusion rates by stopping moulding before the part was 

completely fused and examining the powder remaining in the mould.

(ii) internal pressurisation and it's effects on bubble consolidation. 

Copper tubing attached to the air supply through the machine arm 

allowed pressures of up to 2.5 bar to be applied to the interior of 

the mould.

(iii) internal heating using forced hot air through the vent port. This 

provided a flow of heated air through a pipe inside the 25mm PTFE 

vent pipe. The air was heated by passing it through a 10mm diameter 

copper coil which was wrapped around the mould supporting rods.

6.2.1 Mould temperature profiles during moulding

Initial tests using the STOR datalogger to record temperatures inside 

the mould during testing provided graphs which had a characteristic 

shape for all the materials examined. Figure 5.58 shows three 

temperature profiles for.
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(i) the external surface of the mould

(ii) the powder pool as it moves past a fixed thermocouple

(iii) the internal air temperature

in a steel mould for MDPE of 3mm wall thickness. Taking each of these 

regions in turn:

(a) the external wall temperature rises rapidly initially; this rise is 

slowed as polymer adheres to the inner surface (point A). The 

temperature is much lower than the overall oven temperature and rises 

slowly due to the absorption of energy by the melting polymer. Profiles 

taken for heat transfer coefficient analysis (see Section 6.7.1) show a 

more sustained rise in temperature (Figure 5.118).

(b) the internal wall temperature rises in a similar fashion to the 

outer wall. The temperature difference between outer and inner faces is 

mainly dependent on the thickness of material used. Later profiles 

examine the temperature across varying mould materials and thicknesses.

(c) the pool temperature is a transient recording measured by a 

thermocouple fixed at 5mm from the inner surface in one corner of the 

mould. The temperature profile initially oscillates as the thermocouple 

alternately passes from the powder pool to the internal air. The 

temperature of the powder pool is the lower limit of the oscillations 

and the air temperature the upper limit. The temperature then rises as 

the adjacent wall temperature rises above the air temperature. In this 

test the thermocouple became embedded in the polymer so that the 

temperature rose in a similar fashion to the outer wall temperature.

(d) the inner air temperature profile is the most characteristic 

feature of the process. This reflects most closely the important changes 

which occur during moulding. Figure 5.59 divides the curve into six

288



Oistinct stages. The following description of these stages considers the

heat transfer process with regard to the inner air.

Stage (1):

In the initial 'induction' period, heat passes through the mould wall 

directly to the air or the powder pool. The air temperature rises 

rapidly with the rapid rise in inner mould surface temperature, although 

not as rapidly as without a powder mass. A secondary transfer of heat 

occurs between the pool surface and the inner air which reduces the rate 

of temperature rise of the inner air - this is dealt with in more detail 

later. This rise continues until the powder and wall temperatures are 

sufficiently high for polymer to start to adhere to the mould wall 

(Point A). At this point the internal air temperature rise slows down as 

polymer adhering to the wall reduces heat transfer across the mould 

face. This point has been confirmed experimentally by stopping tests at 

various stages during moulding in steps of one minute.

Stage (2):

In this region the powder pool gradually adheres to the mould. The rate 

of increase of air temperature slows down considerably, almost to a 

plateau, never rising above the melting point of the polymer before all 

the polymer has adhered at Point B. Powder adheres to the inner surface 

at its 'tacky' temperature which effectively maintains the free inner 

surface at this level. Energy absorption due to melting is less 

important in this phenomenon than first thought as the profile is 

consistent even in amorphous materials, although somewhat sharper.

The rate of adhesion (fusion) is determined obviously by the oven 

temperature, the mould thickness and by the material type. This rate is 

reflected both by the overall length of the plateau and by its slope.
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The end of this region has also been confirmed experimentally by 

stopping the cycle at one minute intervals.

Stage (3):

Once all the powder has adhered to the mould, the heat transfer rate to 

the inner air rises to beyond that of stage 1. The absence of an energy 

absorbing powder mass allows all energy passing through the 

mould/polymer wall to be reflected in the air temperature rise. This 

continues slightly beyond the point at which heating stops; the actual 

length of overshoot is dependent on the polymer wall thickness (ie: the 

thermal inertia of the system).

Stage (4):

Once the mould leaves the oven environment the temperature drops 

rapidly, even for forced air cooling. Cooling of the melt is rapid 

initially due to the large difference in temperature between the mould 

and the cooling medium. The temperature through the polymer can be 

assessed from the inner mould surface readings and the air temperature. 

The air temperature will reflect the inner surface temperature closely 

during heat loss from the outer mould surface due to the relatively 

small mass of the air and the poor heat transfer properties of the 

polymer.

Stage (5):

At some point (Point C) the melt will crystallise. During this process, 

latent heat of crystallisation is released which causes the temperature 

of the polymer to remain constant for a period, the duration of which 

depends on the thickness of polymer. The temperature of this second 

plateau is slightly below the melting point of the polymer; the polymer 

crystallisation point will be lowered by faster rates of cooling. Tests
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have also shown that this temperature difference may be used as an 

indication of whether or not degradation has occurred in the polymer. 

Degradation (oxidation and thermal) will cause the crystallisation (and 

melting) point of the polymer to fall.

Stage (6):

Once all the polymer has solidified, cooling continues smoothly until 

the demoulding temperature is reached. The rate of cooling slows as the 

temperature difference between the mould and cooling medium reduces. 

Using water cooling at this point would maintain the rate of cooling by 

increasing the heat transfer coefficient. It is proposed to explore this 

effect in greater detail in future work.

Thus, it may be seen from the above analysis that it is possible to 

determine several useful control features from the internal air 

temperature profile alone. These include:

(i) time to the end of the powder pool

(ii) maximum internal temperature

(iii) time at which crystallisation has occurred

(iv) rate of cooling (for warpage control)

(v) demoulding temperature

These well defined points form the basis of the ROTOLOG system which is 

described in detail in Section 6.8. Later analysis also shows how the 

maximum internal temperature can be related to final part properties.

6.2.2 Particle size distribution change during moulding

It is appropriate at this stage to examine the changes in particle size 

distribution which occur during Stage (2) of the moulding cycle.
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For this analysis, six mouldings were produced using the 440 x 400mm

v-ube mould using an initial shot weight of 3kg of Sclair 8405 at an oven 

temperature of 270°C. The mouldings were stopped after 5, 6, 7, 8, 9, 

and lOmin of heating and the powder remaining in the mould removed for 

two hours of sieving. The results of the particle sizing are shown in 

Figures 5.60 to 5.66 and Table 6.6.

Heating
time
(min)

Percentage weight

BASE >106 >150 >212 >250 >300 >355 >425

0 2.3 2.6 15.2 6.7 11.1 21.8 19.0 21.1
5 1.4 1.9 9.7 6.3 8.2 24.6 21.8 26.3
6 1.2 1.9 8.4 4.0 5.8 18.9 29.5 30.2
7 0.5 1.0 5.8 2.5 5.5 16.5 31.6 36.4
8 0.0 0.2 2.1 2.1 3.7 11.0 24.9 55.9
9 0.0 0.1 1.7 2.7 6.6 13.0 23.8 52.1

10 0.0 0.0 0.3 0.8 2.2 8.8 14.9 73.0

Table 6.6 Particle size distribution change during moulding

As can be seen there is a considerable shift in distribution towards 

the larger particles. Small particles are laid down in the first period 

of adhesion - although some large particles will also adhere - and are 

mostly removed in the early stages.

Addition of large particles of black material to a natural material 

during moulding also demonstrated this migration very clearly. The 

majority of black particles were to be found at the internal face of the 

final moulding; some, however, were found at lower levels, although 

almost none at the outer face.

This process has been noted by Schrijver [80] who performed trials 

using coloured fractions of material. The action has potential in 

targeting expensive dyes and additives to the areas where they are 

required.
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6.3 Materials comparison

6.3.1 Moulding characteristics of material groups

Some of the main differences observed during testing of the various 

materials are worthy of particular note. Polyethylene is used as the 

standard to describe the basic process of adherence and melting.

6.3.1.1 Polyethylenes

This group covers the bulk of the materials. The following analysis is 

an assessment of general moulding characteristics and tests in the open 

ended cylinder mould.

Polyethylene powder sticks to the mould at a point when (i) the overall 

pool temperature and (ii) the wall temperature of the mould have reached 

suitable levels. The temperature of the wall is defined as the tacky 

temperature for this analysis. Once this is reached, a layer of powder, 

initially composed mainly of fines which adhere at a lower temperature,

attaches itself to the wall. Heat transfer continues so that this layer

will rise in temperature to a point where another layer of powder can 

adhere. Visual observation of trials at normal rates of rotation showed 

that the surface never achieves a molten state before more powder is 

laid down. This process of build-up continues so that the wall thickness 

grows and the pool diminishes. As the wall thickness grows, the lower

layers adjacent to the mould melt and absorb heat in the form of latent

heat of fusion. Since the tacky temperature for polyethylene occurs well 

below the melting peak, most of this absorption occurs when the polymer 

is attached to the wall. The effect of this may be seen in stage 2 of 

the moulding profile for polyethylene when the rate of temperature rise
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of the mould surface slows down. See Figure 5.67. As the pool 

diminishes, the temperature of the air inside the mould rises slowly 

with the inner surface temperature. This surface temperature rises as 

the temperature at which the powder adheres to the surface rises. The 

pool eventually becomes so small that its energy absorbing and 

stabilising effect on the air is reduced and the air temperature begins 

to rise rapidly just before all the powder has adhered. Once completely 

adhered, bubbles which have been trapped in the material will 

dissolve/diffuse into the melt which consolidates to the full material 

density.

6.3.1.2 Polypropylene

Polypropylene (PP) differed from polyethylene mainly by the temperature 

at which it adheres to the wall, which is much higher for polypropylene. 

The material under test contained a rubber component (EPR) to improve 

it's mouldability and impact properties. This considerably reduced the 

latent heat of fusion and the effect on the rate of mould surface 

temperature rise (see figures 5.68) during stage (2) when the polymer 

adheres to and melts on the mould surface.

During cooling the point at which the material crystallises is much 

lower than the melting point. This may be caused by the presence of the 

EPR component.

6.3.1.3 Polycarbonate

Polycarbonate exhibited several unusual features during moulding and 

also during bench tests.
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(i) the melting of polycarbonate is not a smooth transition from powder 

to melt as with PE or PP. A kink consistently occurred in the profile 

(see Figure 4.5(b)) at approximately 150°C.

(ii) during tacky temperature tests, the material could be seen to 

adhere to the mould surface (at temperatures considerably higher than 

PE), build up a porous structure and then detach itself from the wall. 

This meant that it either curled up at the edges or released semi-fused 

material back into the powder pool.

(iii) during moulding, the internal surface of the moulding was uneven 

giving a poor optical effect.

(iv) when moulding polycarbonate in the test mould which has a wall 

thickness of 8.5mm it was impossible to produce a good moulding. The 

material invariably ended up as a kneaded, unattached mass in the centre 

of the mould.

The first three of these characteristics are thought to be related. The 

secondary kink or contraction on the melting curve causing a force which 

peels the initially attached material away from the mould and hence 

causing a lumpy and uneven surface. When moulding polycarbonate it is 

recommended that the release agent should be lightly abraded with fine 

emery paper to reduce it's effect. This would cause the PC powder to 

stick more readily and possibly reduce or negate the curling of the 

semi-fused material on the mould wall,hence producing a more even 

moulding.
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The fourth is felt to be caused by a lower rate of heat transfer across

the thick mould wall which allows the powder pool mass to reach a tacky 

temperature at or before the point at which material would stick to the 

internal surface of the mould. Since polycarbonate is amorphous there is 

no mechanism (ie: a latent heat peak) for energy absorption in the free 

powder to slow the temperature build-up and allow the mould temperature 

to rise above the pool temperature. The mould was also treated with 

release agent and in order to preserve the polished finish on the mould, 

was not abraded. This may have contributed to the poor moulding.

The amorphous nature of PC means that there is little or no effect on 

the rate of temperature rise of the mould wall during the fusing of the 

powder pool to the mould wall. See Figure 5.69. The temperature of the 

air also remains much more constant than for polyethylene during the 

powder fusing period which also tends to be shorter in duration.

During cooling, the absence of crystallinity means that the temperature 

profiles show no crystallisation plateau.

6.3.1.4 Hytrel

Hytrel is the Du-pont tradename of a co-polymer of polyester and an 

elastomer. It is essentially amorphous, exhibiting no peak during DSC 

melting analysis. This lack of a sharp (or distributed) melting point 

causes it to mould in a rather different way to polyethylene. The point 

at which Hytrel particles start to adhere to the mould (118°C) is well 

below the point at which the material will collapse to a solid melt 

(170°C). The particles soften and fuse rather than melt and flow. As a 

result there is a considerable temperature gap over which material can 

attach itself to the mould and remain as a porous structure. The
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material forms a sponge-like mass 2-3 times thicker than the final part

wall thickness and can remain like this until beyond the point at which 

the powder pool disappears. The structure collapses once the temperature 

rises above the point where the material will flow.

Again the amorphous nature does not affect the occurrence of the 

plateau due to powder adhesion, and in a similar fashion to PC produces 

no crystallisation kink during cooling. Figure 5.70 shows typical curves 

recorded for HYTREL material.

6.3.1.5 Nylon

Several tests were performed using Capron 8280 HS material to test 

whether the internal air profiles would be similar to the other 

materials tested. This is supplied in a granular form and is based on 

type 6 Nylon polymer. As the particle (granule) size is much larger, the 

difference in thermal properties between the initial and final material 

would not be expected to be as large as for powdered material. Also, the 

material is completely crystalline and exhibits a sharp melting point. 

Figure 5.71 shows a typical curve. Note that the plateau associated with 

the drop in heat transfer due to build up of material on the mould 

surface occurs as with all other materials. Although the melting point 

of the material is quoted as 215°C the plateau occurs over a range of 

175°C to 185°C. The plateau region is slightly irregular, possibly due 

to the granular nature, and has a lower gradient than for say, 

polyethylene. This irregular nature was also demonstrated by other 

granular nylon materials.
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6.3.1.6 ABS

A sample of Ronfalin ABS material was tested briefly for consistency of 

output profiles. This material had a very poor particle size 

distribution with a very high proportion of fines (under close 

examination the powder particles were very round and appeared as if 

taken directly from a reactor). Figure 5.72 shows curves measured for 

this material. Again the plateau is exhibited. It is almost horizontal, 

although this is probably due as much to the excessive oven temperature 

used as it is to material properties.

6.3.2 Mouldabilty in test mould

Each material was tested in the test-mould to compare relative 

mouldability and through-wall temperature profiles. Figures 5.73 to 5.82 

show the temperature profiles measured during a moulding cycle for 

materials 1 to 10.

The polycarbonates (materials 11 and 12) would not mould in the 

test-mould for the reasons given in Section 6.3.1.3.

6.3.2.1 Cycle times comparison

The test conditions were:

Oven temperature - 330°C

Shot weight - 0.85kg

Part wall thickness - 3 mm

Mould wall thickness - 8 mm

Mould material - cast aluminium
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The main points of the internal air temperature curves for comparison 

are:

(i) the time to the end of the powder pool, which is taken as the 

intersection of the sharp change in temperature at the end of stage 

2,

(ii) the time to reach 200°C (for polyethylene) as a guide to maximum 

impact strength.

Table 6.7 compares the times to powder end and the time to an internal 

temperature of 200°C for each material.

Material Time to 
powder end 

(min)

Time to
200°C (intern.) 

(min)

Initial mould 
temperature 

(°C)

NCPE 8017 10.7 15.2 21.3
NCPE 8628 11.8 16.9 18.6
NCPE 8683 10.3 14.9 20.2
Exxon 8761 11.4 16.0 26.0
8405 Blk 11.2 15.6 22.1
RP246H 11.5 15.4 25.2
NCPE 8019 8.5 12.2 27.6
Hytrel 11.1 14.5 21.3
PP150 16.3 18.1 21.3
PP121 16.5 18.2 19.4

Table 6.7 Moulding data for test-mould

These tests are an initial guide to the relative processability of each 

material. From the internal air temperature profile it is possible to 

compare the time taken, under constant conditions, for a constant mass 

of material to adhere to the mould. This is a definite point, easily 

discernible from the curve. Another comparison is given for the time 

taken to reach 200°C internally. An internal temperature of 

approximately this value is shown in a later section to be related to
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-'-he maximum impart properties for the part for polyethylene material. It 

is included for the other materials as a reference; for EBA it 

represents an over-cured state, whilst polypropylene is under-cured.

From Table 6.7 it can be seen that all the polyethylene materials 

performed in a very similar manner. The time to pool end for MDPE varied 

only slightly between 10.7 and ll.Smin. The LLDPE material with a lower 

melting point and lower heat of fusion had a value of 10.3. Although the 

HOPE material has both a higher melting point and higher latent heat of 

fusion the time taken for all the powder to melt was 11.4 min, similar 

to the top end of the MDPE range. The MFI for this material was higher 

than for the MDPE materials which would make it process slightly faster 

than an equivalent MFI medium density material. Polypropylene has a 

higher melting point and a lower effective conductivity value than 

polyethylene and requires a correspondingly longer time to fuse all the 

powder to the mould wall. NCPE8019 (EBA) has the lowest melting point 

and latent heat of fusion for materials 1 to 10 and as a result has the 

lowest time to pool end. Although Hytrel has a higher melting point, its 

tacky temperature and powder conductivity values are similar to MDPE.

The times to pool end and 200°C internally are thus in the same range as 

the MDPE materials.

A slight discrepancy in the values for NCPE8628 may be due to the fact 

that this was a test performed at the start of the warm-up period for 

the oven. This may have caused the rate of heating to be slightly slower 

than for the other tests.

Slight differences in the initial mould temperatures may also account 

for the slight differences for these tests where the mould is 8mm thick 

and acts as a considerable heat sink. Thinner steel moulds are less
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affected by small initial temperature differences.

A comparison of the temperature at which stage 2 ends, ie: when all the 

powder has disappeared, is made in Table 6.8. (The experimental values 

are obtained from tests in several moulds; they are independent of mould 

shape and material.) This temperature is just below the melting point as 

measured by DSC tests (see Table 6.3) for all the materials that 

exhibited a melting peak. The values for the MDPE materials are almost 

identical; LDPE is slightly lower and the HDPE higher in accordance with 

their melting points. PP is much higher as expected. The values for PC 

and Hytrel can only be compared with the TMA tests which show the point 

at which a material melts by the physical motion of a probe (see Section 

6.1,5). For these amorphous materials the temperature at the end of 

stage 2 is much lower than the melting point as recorded by TMA.

Material
Air temperature 
at powder end 

PC)

Melting point 
by DSC test 

* = TMA

NCPE 8017 124 127.1
NCPE 8628 124 127.1
NCPE 8683 122 125.5
Exxon 8761 130 133.8
8405 Blk 125 127.1
RP246H 124 127.9
NCPE 8019 94 98.4
Hytrel 138 175.0*
PP150 162 165.3
PP121 162 165.0
PC Lexan 167/205 210.0*

Table 6.8 Comparison of air temperature at end of powder pool
with polymer melting points
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6.3.2.2 Mouldability/flowability

The following Table presents a somewhat more subjective comparison of 

the mouldability of each material. The ability of each material to fill 

the various radii and undercuts in the mould and the relative condition 

of the inner and outer surfaces are compared in Table 6.9. This gives 

the minimum radii which was porosity free, the internal surface finish 

and whether or not bridging of the material occurred across small mould 

features.

Material Minimum radius 
porosity free 

(mm)

Internal
finish

External
porosity
(0-10)

Occurrence of 
bridging

NCPE 8017 3 shiny 0 none
NCPE 8628 3 smooth 6 none
NCPE 8683 3 shiny 0 none
Exxon 8761 3 smooth 0. none
8405 Blk 3 smooth 7 none
RP246H 6 smooth 1 none
NCPE 8019 6 shiny 3 none
Hytrel 6 smooth 2 none
PP150 12+ rough n/ yes
PP121 12 uneven 4 yes

[ shiny = over-cured, smooth = properly cured, rough = under-cured] 
[ 0 = no surface porosity, 10 = many surface pits]

Table 6.9 Mouldability comparison for materials 1-10 in test mould

This data is very subjective and is affected by the different states of 

cure for each material. Although the heating times are very similar for 

all the materials, the lower melting points and faster processing of EBA 

and the LLDPE (MCPE 8683) produce an over-cured state and the higher 

melting point for PP produce an under-cured state.
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However, several points are worth noting:

(i) the PE materials with MEI values in the range 3-5 g/lOmin will 

fill sharper radii (down to 3mm) than more viscous materials of 

ME I 1.9-2.2 g/lOmin (RP246H).

(ii) the polypropylenes were prone to bridging and poor filling of 

mould features, surface porosity was high and the inner surface 

very rough.

(iii) black materials are more prone to outer surface porosity than 

natural materials of equivalent MFI and structure (NCPE 8017 and 

NCPE 8628 are essentially the same grade).

(iv) although the material properties of the two polypropylene 

materials are very similar, the differences in physical 

properties produce quite different moulding characteristics. The 

PP121 material has a larger proportion of fines and as a result 

produces a finer (although still relatively poor) surface finish. 

Internally PP121 was less prone to bridging and lumping than the 

PP150 with the coarser particle size distribution.

6.3.3 Moulding times comparison in 'cube' moulds

Figures 5.83 to 5.92 show a set of temperature profiles measured during 

the moulding of all the materials (note that the figures are in groups 

of four for each material, (a), (b), (c) and (d) correspond to the 

moulding conditions below. Also, the moulding details for each test are 

contained in the data table at the top of each figure). Table 6.10 

summarises the moulding conditions. Each of materials 1 to 10 was tested 

under conditions A,B,C and D for comparison. Materials 11 and 12 were
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tested only under E. (Figures which show only one internal curve 

indicate a failure or absence of the external thermocouple attached to 

the outside of the mould).

Test Oven Mould Mould Shot
Mode Temperature Material dimensions Weight

(°C) (mm) (^g)

A 300 steel (1.6) 330 x 300 1.5
B 330 steel (1.6) 330 x 300 1.5
C 300 alumn (6.2) 330 x 300 1.5
D 330 alumn (6.2) 330 x 300 1.5
E 330 steel (1.6) 330 x 300 2.0

Table 6.10 Moulding conditions for materials comparison

Table 6.11 lists the time to the end of the powder pool for the four 

moulding conditions for each material and Table 6.12 the time taken for 

the internal air temperature to reach 200°C.

Material Time to powder pool end (min)

A B C D

NCPE 8017 10.0 8.9 13.9 13.3
NCPE 8628 11.0 8.9 14.0 13.5
NCPE 8683 9.9 8.8 13.8 12.6
Exxon 8761 10.1 9.1 14.5 12.7
8405 Blk 10.4 9.2 14.2 13.8
RP246H 10.0 9.4 14.4 13.7
NCPE 8019 7.7 7.0 10.7 10.1
Hytrel 9.6 8.3 14.3 12.7
PP150 15.2 13.1 20.6 18.4
PP121 14.1 12.9 19.7 17.7

Table 6.11 Time to powder pool disappearance

304



Material Time to 200°C internally (min)

A B C D

NCPE 8017 15.1 12.5 21.4 19.0
NCPE 8628 15.9 12.5 22.0 19.6
NCPE 8683 14.7 12.5 23.6 18.9
Exxon 8761 14.6 13.8 22.0 * 19.1
8405 Blk 14.9 12.6 21.1 19.5
RP246H 14.5 13.0 21.7 19.4
NCPE 8019 14.0 11.5 * 20.0 * 18.2
Hytrel 12.6 10.5 19.5 * 17.3
PP150 17.1 14.4 23.5 21.2 *
PP121 15.9 14.2 23.0 20.4

* - extrapolated

Table 6.12 Time for internal air temperature to reach 200°C.

This series of tests allows comparison between the two different mould 

materials and thicknesses at two different oven temperatures. The times 

measured for each material type are in the same order as for the test 

mould (see Table 6.7), ie:

PP > HDPE/MDPE > LLDPE/HYTREL > EBA

Direct comparison of wall thickness is affected by the slight 

differences in density between materials. The PE materials and EBA are 

in the range 0.924 - 0.942, a percentage range of approximately 2%, 

which is almost negligible in distribution terms - part thickness was in 

the range 2.6-2.7mm. Hytrel has a density of 1.16 which is 20% higher, 

resulting in a wall thickness of 2.2mm as compared to 2.7mm for the PE 

materials. The polypropylenes at 0.905 are within 2% of the density of 

the LLDPE with a wall thickness of 2.8mm. Hence, for these constant shot 

weight tests, the comparisons are directly relatable across mould
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material and oven temperature variables for each material but must take

into account the differences in part thickness for comparison across 

material groups. Part thickness is a dominant variable in overall cycle 

times, so that small changes can have large effects on measured powder 

disappearance times.

6.3.3.1 Effect of mould material.

The effect of changing mould material (and corresponding thickness) is 

compared in Table 6.13 for the steel and aluminium moulds at 300°C and 

330°C.

Material Increase in time to powder end 
(mould material: steel vs aluminium)

300°C
(min) (%)

330°C
(min) (%)

NCPE 8017 3.9 39.0 4.4 49.4
NCPE 8628 3.0 27.2 4.6 51.6
NCPE 8683 3.9 39.3 3.8 43.2
Exxon 8761 3.5 34.6 3.6 39.6
8405 Blk 3.8 36.5 4.6 50.0
RP246H 4.4 44.0 4.3 45.7
NCPE 8019 3.0 38.9 3.1 44.3
Hytrel 4.7 48.9 4.4 53.0
PP150 5.4 35.5 5.3 40.4
PP121 5.6 39.7 4.8 37.2

Table 6.13 Effect of changing mould material from 1.6mm steel to 6mm 
aluminium on time to powder pool disappearance

The effect of using a thicker aluminium mould of 6mm over a steel mould 

of 1.6mm results in a dramatic increase in cycle time. The relative heat 

transfer properties of steel and aluminium moulds are compared in Table 

1.2. Steel, although a poorer conductor of heat than aluminium is
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superior in terms of heat transfer due to the thinner wall sections that 

can be used. The difference in Fourier number reflects the differences 

in cycle times to be found here. The increase in time required to make 

the pool adhere to the mould is typically in the range of 40-50% at 

300°C, and slightly higher with increasing oven temperatures.

Figures 5.93 and 5.94 compare the temperature of the external walls bf 

the steel mould and the aluminium mould during cycles at 300°C and 

330°C. The steel mould rises at a slightly faster rate at 300°C until 

the point at which all the powder has adhered when the rate of heating 

increases further; at 330°C the effect is larger still. This lower 

temperature, coupled with the greater thickness of the aluminium mould, 

means that cycle times are longer. Cycle times are also less 

dramatically affected by increases in oven temperature because of the 

absorption of some of the increase by the mould itself. For thin walled 

mouldings such as these, the mould properties dominate. The aluminium in 

particular acts in a buffer-like fashion between the material and the 

oven (see Section 6.3.6.1). This can be shown by the effect of the 

latent heat of fusion of the polymer material. Latent heat causes a slow 

down in the rate of heating of the mould as the bulk of the latent heat 

is absorbed by the material after it becomes attached to the mould 

surface. In the steel mould this effect is clear as a kink in the curve 

between 6 and 13min at 300°C and between 6 and llmin at 330°C; it is not 

so apparent for the aluminium mould. The thicker wall section of the 

aluminium prevents the transport of this effect back to the outer 

surface.
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6.3.3.2 Effect of oven temperature
Varying the oven temperature is a common method of ensuring constant 

cycle times for parts of different wall thickness on separate arms of a 

machine. The influence of temperature is compared here for the steel 

(1.6mm) and the aluminium (6mm) moulds between two temperatures (300°C 

and 330°C). A wider range (240°C to 330°C) is compared later for Enichem 

RP246H material. Table 6.14 lists the actual and percentage changes in 

the time taken for the powder pool to disappear.

Material Decrease in time to powder end 
(oven temp: 300°C vs 330°C)

Steel
(min) (%)

Aluminium 
(min) (%)

NCPE 8017 1.1 11.0 0.6 4.3
NCPE 8628 2.1 19.1 0.5 3.6
NCPE 8683 1.1 11.1 1.2 8.7
Exxon 8761 1.0 9.9 1.9 13.0
8405 Blk 1.2 11.5 0.4 2,8
RP246H 0.6 6.0 0.7 4.8
NCPE 8019 0.7 9.1 0.6 5.6
Hytrel 1.3 13.5 1.6 11.2
PP150 2.1 13.8 2.2 10.7
PP121 1.2 8.5 2.0 10.1

Table 6.14 Effect of oven temperature increase on time to powder
pool disappearance

Although not an extensive series of tests, they do show that for a 30°C 

rise in oven temperature cycle times for the steel mould are reduced by 

a greater margin generally than those for the aluminium mould. The 

thinner steel offers a lower resistance to heat flow, has a lower 

temperature gradient across its wall thickness and requires less energy 

to raise its own temperature than the aluminium mould. This means that
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the steel mould will transmit changes in external temperature more 

effectively than thicker aluminium moulds.

6.3.3.3 Heating and cooling rates.

Figure 5.95 compares the internal air temperatures of the 1.6mm steel 

cube, the 6mm aluminium cube and the 8mm test mould at an oven 

temperature of 330°C for RP246H material. The test in the 8mm test mould 

used a shot weight of 0.75 kg for parity of wall thickness (2.7mm).

Table 6.15 compares the average temperature gradients over the linear 

portions of the induction period (Stage 1), powder adherence (Stage 2), 

consolidation of the molten part (Stage 3), cooling of the molten part 

(Stage 4) and cooling of the solidified part (Stage 6) for each case.

Mould
Material

Average Temperature gradient 
(°C/min)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 6

Aluminium 14.6 4.1 9.7 -15.9 -4.8
(8mm cast)

Aluminium 11.2 2.9 7.0 -13.3 -2.4
(6mm plate)

Steel 21.7 3.8 12.1 -17.7 -2.6
(1.6mm sheet)

Table 6.15 Comparison of internal air temperature gradients during 
moulding in moulds of different materials

It had been expected that, in terms of rates of heat transfer, the the 

steel mould would have been superior to the aluminium plate mould (6mm) 

which in turn would have been superior to the aluminium cast mould 

(8mm). However, as can be seen from Table 6.15, the cast aluminium mould 

lies between the plate mould and the steel mould for stages 1,3 and 4
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and is superior for stages 2 and 6. This is attributed to:

(i) the shape of the test mould is more complex than the more regular 

cube moulds

(ii) the surface area to volume ratio for the flat test mould is higher 
than for the cube moulds (approximately 50 m ^ compared to 18 m 1 

for the cubes)

(iii) the test mould has two vent pipes which, although plugged with 

wire wool, constitute a flow path through the mould for the oven 

air; the cube moulds have only a single vent which, for a small 

orifice, will restrict air flow to the expansion and compression of 

the internal air due to heating.

Comparing the aluminium and steel cubes (Figure 5.95 and Table 6.15) it 

can be seen that the steel mould allows higher rates of heat throughput 

at all stages in the cycle.

6.3.4 Polycarbonates

The polycarbonate materials were tested under a separate programme.

This examined the general mouldability and the problem of bubbles 

associated with these materials. Using a 2kg shot weight gave 

approximately the same wall thickness (2.8mm) as for a shot weight of 

1.5kg of the MDPE materials (2.7mm). The following data compares the 

time for the disappearance of the powder pool in the steel mould at 

330°C, (Moulding condition E);

MDPE 8.9 - 9.4 min

Lexan 12.2 min

Makrolon 11.6 min
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The in-mould temperatures for these tests are shown in Figures 5.96 and

5.97.

Tests were performed on both dried and un-dried material. As 

circulation drying was not available, the materials were spread out on 

trays and dried for 12 hours at 135°C in a fan heated oven. 

Polycarbonates are very hygroscopic so that even a short period of 

exposure to the atmosphere can lead to moisture pick-up. This moisture 

content can cause bubbles and it is recommended that it is reduced to 

0.02% before moulding. However, the effect of drying for this period did 

not produce any major effect on the levels of bubbles to be found in the 

mouldings.

Bubble levels were excessive for all oven temperature and time 

combinations tried; these ranged from 18min at 330°C through 22min at 

375°C to 18min at 390°C. These tests were performed to assess the 

relative mouldability as compared to polyethylene. Extended cycles were 

used to examine the effect of temperature and time on the dissolution of 

the bubbles. However, no major change in bubble size or concentration 

was observed, even beyond the point at which degradation occurred. 

Articles free of bubbles are apparently produced for light globe 

applications, although details of the materials used are not known. It 

is not clear whether the three grades tested here were developed or 

altered in any way for rotational moulding or whether they were simply 

injection moulding grades.

Moulders of polycarbonate recommend that a very light coat of release 

agent is used (which may even be lightly sanded). Bench tests (Section 

6.3.1.3) have shown that too much release agent can cause problems for 

the material during initial adherence. Examination of the mouldings
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produced here showed that the bubbles that remain at longer cycle times 

are concentrated at the outer (mould) surface; bubbles through the wall 

disappeared in due course (hotplate tests showed that the bubbles 

dissolve/diffuse with time).

Using a nitrogen atmosphere extended the time which the material could 

spend in the oven and removed any oxidative discoloration. It is 

recommended that the moulds are either purged during moulding or at 

least prior to closing. For short cycles without degradation, the Lexan 

material was clear whilst the Makrolon material was amber (polycarbonate 

is naturally amber and requires additives to produce a clear glass 

effect).

Another interesting point was the variation of the temperature at the 

of end stage 2, ie: the end of the powder pool. For the Lexan material 

this was 167°C at an oven temperature of 330°C (see Table 6.8) and 205°C 

at 360°C. It is unclear why this occurred.

6.3.5 Effect of part wall thickness

Two series of mouldings were produced with varying wall thicknesses:

(i) from 1mm to 12.1mm in the 330mm steel cube mould at 300°C

(ii) from 1mm to 21mm in the 440mm steel cube at 270°C

The standard points for comparison are listed in Tables 6.16 and 6.17.
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Thickness
(mm)

Time to end 
of powder 

(min)

Time to 200°C 
internally 

(min)

1.0 6.3 10.8
2.7 9.9 14.5
4.0 13.6 19.3
6.0 19.3 26.5
8.0 25.8 -
12.1 38.7

Table 6.16 Experimental times for RP246H in 
330x300mm steel cube at 300°C

Thickness
(mm)

Time to end 
of powder 

(min)

1.0 6.1
2.0 9.4
3.1 11.7
4.2 15.3
6.3 21.6
8.4 30.0

10.5 37.2
21.0 101.0

Table 6.17 Experimental times for Sclair 8405 in 
440x400mm steel cube at 270°C

The datalogger output traces are most useful for determining the 

characteristic curves of part wall thickness vs oven time. A clearly 

definable point can be compared. Figure 5.98 compares the time to powder 

end for RP246H (MDPE) in the 330 steel cube mould and for Sclair 8405 

(MDPE) at 270°C in the larger 440x400mm cube. Two other curves from 

other published data [18,21] are also included. The curves are almost 

linear with quite a high slope (between 2.9 and 3.2 min/mm). Comparison 

of this data is not directly possible because the oven characteristics, 

mould parameters and oven temperatures are unknown for the other work. 

These would affect the position and slope of the curves. The point at
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which the authors have defined the cycle time may not be as sharply 

defined as the end of the powder pool but for a consistent end point 

along any one curve the data allows comparison of the curve gradients. 

These are of the same order, all the data demonstrating that the effect 

of part wall thickness is a major one.

The curves for the 330mm steel cube at 300°C and the 440mm steel cube 

at 270°C are very similar for the portion over which the smaller cube 

was tested. It would be expected that for an increase in oven 

temperature of 30°C that the cycle times would be reduced by 

approximately 10%. However, this is apparently compensated for by the 

increase in mould volume and larger shot-weights used for the larger 

mould.

It is interesting to note that the data from Tomo [21] and Ramazzotti 

[18] is lower than the experimental data gathered here (ie: faster 

processing times). This could be attributable to the tests being 

performed at higher temperatures and in larger machines with higher air 

flow rates.

Figure 5.99 compares the internal air temperature curves for the range 

of thicknesses tested at 300°C in the 330x300mm cube. Several important 

points arise:

(i) consistency of temperature at the point where the powder pool has 

just disappeared

(ii) levelling of the curve during powder adhesion for thicker parts 

as internal equilibrium approaches a quasi-steady state

(iii) extension of the cooling plateau as the volume of material 

and the corresponding latent heat of crystallisation increases
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The internal temperature converges with a temperature just below the 

melting point of the polymer for all thicknesses, but will not rise 

beyond this value until the powder is almost completely adhered. The 

transition from the plateau of stage 2 into the rising temperature of 

stage 3 becomes sharper with increasing thickness as the plateau of 

stage 2 approaches a more horizontal shape.

6.3.6 Shrinkage

Levels of shrinkage for the materials as tested in the steel and 

aluminium cube moulds are compared in Table 6.18. This is only available 

for forced air cooling. The measurements were taken after at least one 

week.

Material
Steel mould 
Air cooling 

(%)

Alumin. mould
Air cooling 

(%)

NCPE 8017 2.3 3.0
NCPE 8628 3.0 3.0
NCPE 8683 2.1 2.7
Exxon 8761 2.8 4.0
8405 Blk 3.0 3.0
RP246H 3.0 3,3
NCPE 8019 1.3 1.3
Hytrel 1.0 1.3
PP150 2.0 2.0
PP121 2.0 2.0
PC lexan 0.2 -

Table 6.18 Average shrinkage values

These shrinkage values were measured for the 330x300mm cubes for the 

base and depth. Some sticking occurred at the opening and vent pipe 

which restricted the contraction of the top of the moulding during 

cooling so that this region was not included.
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Values are quoted elsewhere 122,96] as typically:

Polyethylene - 1.5-2.0%

Polycarbonate - 0.5-0.8%

This will obviously be dependent on the cooling regime employed. For 

the relatively slow air cooling used during these tests it would be 

expected that the shrinkage values obtained would be high. For some of 

the materials the value increased in the aluminium mould. Cooling was 

slower in this mould, shrinkage was particularly high for the high 

density material Exxon 8761. This is more crystalline than the other 

materials and warped very easily during cooling, especially for thicker 

parts. The non-crystalline materials (Hytrel and polycarbonate) had 

lower values of shrinkage. Polycarbonate in particular was very rigid 

with minimal shrinkage away from the mould.

Slight changes in shrinkage were noted as the heating time increased. 

As degradation in the part occurred so the value of shrinkage reduced. 

This may be caused by a reduction in the material's MFI and the effects 

of oxidation on the crystalline structure.

6.3.7 Miscellaneous tests

6.3.7.1 Effect of mould wall thickness

An aluminium plate mould was constructed with its four vertical sides 

of different thicknesses (Mould 4 has one side each of 3mm, 6.2mm, 9mm 

and 12.5mm). This was used in an initial investigation on the relative 

heat transfer rates through different wall thicknesses under the same 

moulding conditions. Although all four walls essentially under-go the 

same general moulding conditions during a cycle, complete separation of
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each set of results is not possible. This is due to the different rates 

of heat which each wall will impart to the central volume of air; the 

internal air temperature will thus be different than for a situation 

where all the mould walls were equal. This internal temperature balance 

and the balance between the air and powder temperature becomes complex. 

However, a comparison between the wall thickness distributions measured 

for several mouldings over a range of shot weights demonstrated how 

mould wall thickness is likely to affect part wall thickness.

Four shot weights were used, 1.5kg, 2.25kg, 3.0kg and 4.5kg. Each 

sample was moulded at an oven temperature of 300°C for periods of 22,

25, 27 and 30 minutes. Cooling was for an equivalent period using forced 

air. After the samples had completely cooled they were divided in two 

about their horizontal centreline. Measurements of the wall thickness 

distributions were then taken at 10 points along each wall. The 

distributions are plotted in Figure 5.100 as a linear chart representing 

the four sides of the cube folded out. The cube was constructed with the 

walls rising in thickness in a clockwise fashion from 3 to 12mm and then 

re-joining at the intersection of the 3 and 12ram sides.

Three points are worthy of note:

(i) The relationship between the mould wall thickness at any point and 

the part wall thickness is inverse, ie: the thicker the mould, the less 

polymer is attached. This relationship diminishes as the shot weight 

increases. The curves in Figure 5.100 level out slightly as the polymer 

wall (shot-weight) rises in thickness.

(ii) If the average wall thicknesses in the central portion of each 

side (ie: away from the effects of corners) are compared it can be 

clearly seen that with increasing part wall thickness the difference in
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thickness between the 3mm and 12mm walls reduces considerably. Tables

6.19 lists the actual values whilst Table 6.20 compares the ratio of 

wall thicknesses using the 3mm wall as the base value.

Shot-weight
(^g)

Average part wall thickness (mm)

3mm 6mm 9mm 12mm

1.50 3.46 3.06 2.26 1.99
2.25 4.92 4.69 3.88 3.65
3.00 6.56 6.25 5.53 5.47
4.50 9.89 9.61 9.10 9.14

Table 6.19 Average part wall thickness at mould sides in 
mould 4 for a range of shot weights

Shot-weight
(kg)

Ratio of wall thickness (%)

3mm 6mm 9mm 12mm

1.50 100 88.4 65.3 57.5
2.25 100 95.3 78.9 74.2
3.00 100 95.3 84.3 83.4
4.50 100 97.2 92.0 92.4

Table 6.20 Comparison of average wall thickness with thickness 
at 3mm wall of mould 4 for a range of shot weights.

For a small shot weight (and hence low wall thickness) the mould 

properties dominate those of the polymer so that the wall thickness 

distribution is greatly affected by the mould wall thickness in any 

region. During a cycle, the overall heat transfer across any part of the 

mould is through a wall which is a combination of mould metal and 

polymer. When the polymer wall thickness is low the mould properties are
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t.he major contributor to the transfer properties of this combination 

wall. For higher shot weights the insulation properties of the polymer 

will dominate - the mould wall transfer properties become a smaller part 

of the overall transfer properties of the combined wall.

(iii) The effect of the corner regions increases as the wall thickness 

increases. As polymer tumbles and adheres during the rotational moulding 

process it tends to smooth out surface irregularities by filling concave 

areas and thinning out over inwardly sharp or convex regions. The 

increase in thickness in the corner regions of the cube becomes much 

more apparent and affects larger regions of the adjacent walls as the 

peaks in Figure 5.100 show.

6.3.7.2 Measurement of internal pressure

Measurement of the pressure generated within a mould were made via the 

pipe-line which passes through the centre of the rotating parts of the 

arm. This is used in normal rotational moulding situations for 

pressurising or internally cooling moulded parts. This experiment was 

carried out to examine the way in which pressure builds up in a 

situation where no vent was used or where a vent became blocked and to 

examine the maximum pressures involved. The pipe-line is sealed, 

preliminary pressurisation tests showed that there were no significant 

leaks.

A shot weight of 1.5kg of RP246H material was tested in the 330x300mm 

steel mould at 300°C. The pressure profile obtained is plotted in Figure 

5.101 along with the internal air temperature profile for a similar test 

with an open vent.

319



It had been expected that a rise in internal pressure would have become

apparent after the first layers of powder had become molten and sealed 

the parting line between the lid and the main body of the mould. This 

would be at approximately 8 minutes according to the temperature curve 

in Fig. 5.101. However, the pressure inside the mould showed no 

measurable rise until after 10 minutes; this corresponds with the end of 

the powder pool. The pressure then continues to rise as the internal 

temperature rises until the end of the heating cycle; a maximum pressure 

of approximately 3000N/m2 was recorded. (This is a differential pressure 

between the point at which the mould first became sealed (after 10 

minutes) and the end of the heating cycle). As cooling begins the 

temperature drops rapidly and with it the internal pressure; the 

pressure drops to zero very quickly.

6.3.7.3 Internal gas change to He^

The problem of bubbles is an inherent feature of the rotational 

moulding process. The trapping of pockets of air is a natural function 

of the random coalescence of powder particles. These bubbles are held in 

the part structure and will dissolve/diffuse into the polymer; by how 

much depends on the temperature-time history to which they are 

subjected. This has been studied in-depth elsewhere [25,91]. The method 

of disappearance of these bubbles is by a combination of reaction 

(oxygen), dissolution and diffusion. A brief study was carried out to 

investigate the use of an internal gas which had superior dissolution 

and diffusion rates to oxygen and nitrogen. The use of hydrogen was 

avoided at the risk of explosion so that helium was the obvious choice. 

In polymer films, helium has a permeability coefficient which is between
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2 and 3 times greater than oxygen and between 5 and 8 times greater than

nitrogen (depending on the density of the polyethylene film). Hence, it 

was hoped that the rate at which helium bubbles would disappear would be 

faster than air bubbles. Helium was piped through the mould arm and 

flowed continuously during a range of cycles. The plastic material used 

was RP246H. Samples from mouldings tested under air and those under 

helium were compared for the relative number of bubbles and more 

importantly for the point at which they disappeared completely. No 

significant difference was observed, although it must be said that the 

comparison of the numbers of bubbles was visual rather than numerical. 

However, had any major change occurred, it would be expected that the 

time at which the part became void free would have been reduced. This 

did not change appreciably. From this it is concluded that the 

phenomenon of bubble disappearance depends more on the melt viscosity 

than on the relative mobility of the gases in the polymer.

6.3.7.4 Over-pressure relation to part bubbles

Another method sometimes used to reduce the levels of bubbles is the 

introduction of pressure to the mould during processing. (It is also 

used to control warpage during cooling [102]). This is used to force the 

bubbles to dissolve more quickly. A range of tests were performed using 

air pressure from 0.5 to 2.5 bar (0.05 to 0.25 MN/m2) passed through a 

pipe down through a 20mm vent pipe into the mould. The air was free to 

circulate within the mould and pass back out through the vent which 

meant that the actual internal pressure inside the mould was 

considerably lower than the inlet air pressure.

These tests used RP246H and Sclair 8405 materials, both MDPE’s. No
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major change in bubble density or, in the point at which the bubbles 

disappeared completely, occurred. This again may have been caused by the 

relatively low MFI values (1.9 and 2.7 g/lOmin) for these materials. 

Lower viscosity (higher MFI) materials may well undergo improvements 

such as have been reported.

6.4 Properties related to processing

When producing a part, a manufacturer must first decide on the final 

use to which it will be put. For a non-demanding application, a minimum 

cycle for acceptable cosmetic effect will suffice. For a demanding or 

engineering application, the manufacturer/designer will want to optimise 

the material characteristics in order that material usage is minimised 

and operating standards in the field are high. With the expansion of 

rotational moulding into more technical applications, the latter case is 

becoming the norm rather than the exception. However, on a trial and 

error basis, a lot of testing may be required to achieve conditions 

which will produce optimum properties. The following set of tests were 

performed to study the relationship between processing and final part 

properties so that optimum properties and conditions can be more easily 

achieved. The work has begun from an elevated position based as it is on 

the guiding work of previous authors [21,22,25,80] and a companion study 

carried out by Wang Xin [149]. This study examined a range of properties 

including: room temperature impact, low-temperature impact (-20°C), MFI, 

static flexure, creep, viscosity, density, infra-red spectroscopy, and 

oxygen induction time (OIT).
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6.4.1 Impact strength

Impact strength is an important property for rotationally moulded parts 

which are in essence relatively weak thin-walled vessels. This has been 

studied by many authors and by manufacturers in-house. It has been shown 

[21,25,80,95] that low temperature impact (brittle mode) is.the property 

which is most sensitive to degradation. A series of tests was carried 

out in this study to compare room temperature and low temperature impact 

behaviour of Sclair 8405 material in the 440x400mm steel mould. These 

tests covered four oven temperatures and a range of cycle times, as 

shown in Tables 6.21 and 6.22. Cooling for all tests was 20min forced 

air for heating times of 20min or less and for a cooling period 

equivalent to the heating time for cycles over 20min. The data is 

plotted in Figures 5.102 and 5.103.

Oven time 
(mins)

Impact strength (kJ/m2)

240°C 270°C 300°C 330°C

10 - - 78 (6) 70 (23)
12 - 78 (6) 90 (12) 79 (10)
14 77 (9) 90 (11) 102 (11) 119 (5)
16 78 (10) 94 (2) 107 (10) 124 (12)
18 88 (7) 103 (14) 155 (19) 128 (28)
20 96 (10) 126 (16) 145 (7) 147 (11)
22 85 (10) 143 (12) 149 (2) -
24 100 (9) 142 (17) 136 (7) -
26 115 (5) 131 (19) 145 (11) -
28 132 (13) 135 (22) - -

30 127 (15) - - -
34 106 (21) - -

() - standard deviation

Table 6.21 Room temperature impact (20°C) test results for 
Sclair 8405 (3.1mm samples)
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Oven time 
(mins)

Impact strength (kJ/m2)

240°C 270°C 300°C 330°C

10 - - 116 (34) 108 (25)
12 - 102 (12) 127 (35) 87 (42)
14 88 (55) 121 (22) 149 (18) 155 (76)
16 106 (27) 114 (23) 160 (34) 53 (20)
18 95 (22) 144 (39) 262 (35) 42 (16)
20 118 (40) 176 (15) 61 (10) 47 (5)
22 112 (44) 152 (61) 62 (18) -
24 94 (23) 232 (13) 52 (12) -
26 111 (48) 44 (23) 77 (34) -
28 183 (23) 29 (3 ) - -
30 173 (52)

() - standard deviation

Table 6.22 Low temperature (-20°C) impact test results 
Sclair 8405 (3.1mm samples)

Each of the above results is the average of at least 5 tests on notched 

samples (described in Section 4.6.1), the standard deviation is given in 

brackets. Deviations are relatively high, which is not uncommon for this 

type of impact test.

For each of the four oven temperatures tested, room temperature impact 

strength rises in a linear fashion from a low strength underfused 

material to a maximum value for a well consolidated material. There is a 

levelling off or a slight drop for longer heating times but no dramatic 

drop in properties for the range under test. This rise in strength can 

be attributed to improvements in structure as the powder particles fuse 

together and bubbles disappear. Impact strength reaches a maximum for 

homogeneous, bubble free, undegraded material; once degradation begins 

to occur, impact strength will suffer. A visual examination of samples 

at the lower end of each curve shows them to have a rough, 'orange peel' 

inner surface which gradually smooths out as the oven time increases.
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Bubbles disappear, but not completely before the inner surface becomes 

shiny and discoloured as oxidation occurs. Maximum impact (-20°C) for 

these samples was found to occur just after the point at which the inner 

surface degraded.

Detrimental effects on impact strength due to degradation are not so 

apparent when testing at room temperature. The failure mode is 

predominantly ductile so that crack propagation is much slower than for 

the brittle mode which occurs at cold temperatures. Figure 5.103 shows 

much more dramatic losses in impact strength once degradation occurs. 

This test is particularly sensitive to the presence of a film of 

oxidised material at the inner surface. This is a brittle, low strength 

region which acts as a crack initiation zone [80,95,154]. Samples in 

which this zone was present, ie: for long cycle times, suffered very 

dramatic losses in impact strength, even though the majority of the 

through wall material was relatively unaffected. Schrijver [80] and 

MacAdams [95] tested samples with this inner surface removed and found 

that the impact strength was restored to earlier levels. As can be seen 

from Figure 5.103, very clear maximum points can be defined for each 

oven temperature setting. The impact strength at each maximum rises with 

increasing oven temperature until 300°C and then falls for an oven 

temperature of 330°C. Processing at higher temperatures runs the risk of 

causing degradation much more quickly. Material at the inner surface is 

degraded by oxidative attack after the powder pool has disappeared. 

However, material close to the mould wall will be subjected to higher 

temperatures when the oven temperature is raised and since this material 

undergoes thermal degradation in the absence of oxygen it will be more 

likely to degrade at higher oven settings.
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Another similar series of tests were carried out using RP246H material

in the smaller 33Qx300mni steel mould. These were tested at oven settings 

of 270°C, 300°C and 330°C. Table 6.23 lists the average results from 

tests on five samples at each point. These are plotted in Figure 5.104.

Oven time 
(mins)

Impact strength (kJ/m2)

270°C 300°C 330°C

10 - - 45 (4)
12 - 42 (13) 63 (10)
14 34 (12) 47 (5) 76 (23)
16 42 (13) 59 (16) 48 (18)
18 48 (30) 75 (6) 44 (17)
20 63 (16) 90 (18) -
22 82 (22) 73 (18) -
26 62 (16) ~

() - standard deviation

Table 6.23 Low temperature (-20°C) impact test results 
Enichem RP246H (2.7mm samples)

This set of results partially repeats conditions covered in the earlier 

tests on Sclair 8405 materials (Tables 6.21 and 6.22). However, samples 

from these mouldings were tested more completely for MFI relationships 

(see Section 6.4.2) and were not tested for room temperature impact 

strength. The curves in Figure 5.104 follow a similar pattern to those 

in Figure 5.103 in that the strength rises to a maximum and falls 

dramatically. The time at which this maximum occurs reduces as the oven 

temperature rises and again the impact strength is highest at the 300°C 

data peak. The general magnitudes of impact strength are much less for 

this material than for the 8405 material for equivalent heating times.

The low temperature impact data for both the 8405 and RP246H materials
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are referred to in more detail in Section 6.5. This relates the 

temperatures recorded inside the mould to the final impact strength.

6.4.2 MFI
The preceding section confirmed the relationship between impact 

strength and the processing time to which a part is subjected. It is not 

always practicable to use this test because of the need for specialist 

equipment and cooling fluids and also because a part may be useless 

after samples have been removed. A simpler test which correlates with 

the onset of degradation and the subsequent loss of properties is MFI. 

This test is particularly useful for thick walled parts which would be 

difficult to impact test or for mouldings were only a small part is 

removed in trimming or finishing. This has been shown [21,25] to be 

inversely proportional to the cold temperature impact strength. Samples 

from the above mouldings were removed for testing under standard 

polyethylene conditions.

Oven time 
(mins)

MFI (g/lOmin))

240°C
11 ■— “111]

270°C 300°C 330°C

10 - - 2.33 2.64
12 - 2.39 2.31 2.79
14 2.52 2.32 2.28 2.79
16 2.44 2.34 2.32 2.19
18 2.50 2.30 1.54 1.98
20 2.44 2.24 1.44 1.88
22 2.49 2.01 1.33 -
24 2.53 1.87 1.32 -
26 2.40 1.48 0.63 -
28 2.53 1.37 - -
30 2.54 - - -
34 2.40 - “

Table 6.24 MFI of material through complete wall section 
Sclair 8405 (3.1mm samples)
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Table 6.24 lists the MFI for the Sclair 8405 samples through the 

complete cross-section. It does not differentiate between the changes 

which occur at the mould surface, which is oxygen free, and the free 

inner surface, which is open to the atmosphere. However, Figure 5.105 

does demonstrate that the MFI falls in line with the low temperature 

impact strength for long heating times. At 240°C the MFI does not fall 

to any marked degree which shows that the polymer does not reach 

temperatures sufficient to cause a damaging level of oxidation. At 

270°C, 300°C and 330°C the MFI remains constant for short heating times 

and drops at some point related to the level of degradation. Comparing 

the times at which the MFI and impact strength fall in Figures 5.103 and 

5.105 shows that the MFI falls first.

temperature: Occurrence of Time at which

Peak impact strength MFI drops

(°C) (min) (min)

240 29.0* -

270 23.5 18

300 17.5 14

330 14.0 13

The gap between the drop in MFI and the drop and impact strength 

narrows as the oven temperature rises.

Subsequent tests on the internal surface MFI are detailed in Table 

6.25. A fine layer of material was removed from the inner surface for 

this test. This shows a much more dramatic drop due to degradation. As 

the inner surface becomes oxidised the MFI falls very rapidly to zero.
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No flow could be induced in this material, even under elevated 

temoeratures.

Oven time 
(mins)

MFI (g/lOmin)

270°C
inner surf.

300°C
inner surf.

330°C
inner surf.

14 - 2.18 2.55
16 - 2.19 0.11
18 - 0.12 0.00
20 2.50 0.00 -
22 0.60 0.00 -

24 0.00 0.00 -

26 0.00 - -

Table 6.25 Internal surface MFI for Sclair 8405 samples

The points at which the inner surface MFI fall to zero coincide 

approximately with the peak values of the maximum cold temperature 

impact strength. The 330°C value is actually slightly after the peak 

impact point and the 270°C just before. The 300°C values both occur at 

18min which also produces the highest impact strength values.

MFI values were measured at both the external and internal surfaces of 

the RP246H samples tested at 270°C, 300°C and 330°C in the 330x300 steel 

mould. This was to allow a further comparison of the relationship 

between internal surface oxidation and changes in impact strength and 

also to compare the relative degradation at the two surfaces. The values 

obtained are listed in Table 6.26.
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- 1
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12 1 - - I 2.40 2.40 ] 2.18 2.02

14 | 1.86 1.84 j 2.37 2.42 j 1.21 2.04

16 ] 2.08 2.02 | 1.41 1.76 ] 0.00 1.70

18 ] 2.00 2.10 | 0.10 1.50 ] 0.00 1.81

20 j 1.92 1.90 ) 0.00 1.71 ) - -

22 ] 1.36 1.56 ] 0.00 1.16 j - -

26 | 0.00

J.

1.36 ]

1

- - 1

s
- -

Table 6.2G Internal and external MFI results for Enichem RP246H 

(2.7mm part 330x300mm steel mould)

Figures 5.106 and 5.107 plot the external and internal values 

respectively for each of the oven temperatures tested. It can be seen 

from the external curves that the MFI drops gradually once over-cure 

sets in. At this surface the main mode of degradation is thermally 

induced chain scission. The internal curves display a much more rapid 

drop which falls completely to zero. As the material at the inner 

surface is attacked by oxygen, cross-linking occurs which produces a
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brittle layer of viscous material with a correspondingly low MFI.

There is good correlation between the 270°C and 330°C data with the 

maximum impact strength point. The 300°C value falls at around 16min 

whereas the impact strength is a maximum at around 20min. This 

discrepancy does not have an obvious explanation. Variation in the depth 

to which material was removed from the inner surface would shift the 

point at which the drop to zero occurs. If the point at which the MFI at 

the inner surface first begins to drop is compared, the points for all 

three curves are below the maximum impact point.

Oven temperature: Occurrence of Time at which

Peak impact strength MFI drops to zero 

(°C) (min) (min)

270 22.5 23

300 19.5 17

330 13.5 15

The point for 300°C is again slightly anomalous.

6.5 Datalogger temperature readings related to properties

6.5.1 Maximum internal temperature

A relationship between the maximum cold temperature impact strength and 

internal surface oxidation was proposed in the previous section.

Although all the data did not completely agree there is undoubtedly a 

connection between the breakdown of the material at the inner surface
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and the loss of part impact properties. To pin-point this using MFI 

alone may not be conclusive in every case. Another indication of the 

strength of the part may be gained from the use of the internal air 

temperature profile.

Recordings made at the maximum impact strength points for the Sclair 

8405 material showed that, independently of the oven temperature, the 

maximum impact strength occurred when the internal air temperature 

reached approximately 220°C. The three curves are plotted in Figure 

5.108. At the points corresponding to the maximum impact point the 

internal temperatures were:

Oven temperature:

(°C)

270

300

330

Occurrence of 

Peak impact strength 

(min)

23.5

17.5 

14.0

Internal air temp.

(C)

222
216

210

This analysis is repeated for the Enichem RP246H material at the three 

maximum impact points for 270°C, 300C’C and 330°C. The internal 

temperature profiles are plotted in Figure 5.109. At the peak impact 

points, the internal temperatures were:
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Oven temperature:

(°C)

270

300

330

Occurrence of 

Peak impact strength 

(min)

22.5

19.5

13.5

Internal air temp.

(C)

220
238

208

This data is not as consistent as for the 8405 material but the 

temperatures are in the same region.

If the point at which the internal surface MFI has dropped to 0.0-0.1 

g/lOmin is taken as a consistent point of degradation, the internal air 

temperatures at this point were:

Oven temperature Internal air temp.

Sclair 8405 Enichem EP246H

(°C) (°C) (°C)

270 238 239

300 220 226

330 212 236

The formation of an inner oxidised layer of material will be dependent

on time, temperature and the stabilisation system added to the polymer.

This makes the definition of a specific temperature at which degradation 

and detrimental effects on strength will occur very unlikely. Rather, a 

temperature band (or minimum value) can be determined within which
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properties can be expected to be close to optimum. For the two materials 

tested here a maximum value of 205°C for the internal air temperature 

would ensure that the impact strength would be close to the optimum 

value without degradation of the part.

Oxidation Induction Time (OIT) {see Section 4.6.4) tests were performed 

on the RP246H material in pans which were open to atmospheric oxygen (as 

opposed to 100% oxygen flow over the sample). These produced the data 

listed in Table 6.27.

Holding
temperature

(°C)

Induction time

(min)

190 36.5
200 33.5
210 14.0
220 9.0
230 3.5

Table 6.27 Induction Times for RP246H in air

This is a measure of the time taken for oxidation to occur in the 

material; using air as the surrounding medium, this test attempts to 

simulate the conditions at the inner free surface during moulding. From 

the Table it can be seen that at around 200-210°C, there is a sharp drop 

in the time for which the material can resist oxidative effects.

Exposure of the material to temperatures above this may result in a 

reduction of part properties, as shown above. It is hoped to extend this 

test and examine this temperature range for other materials for 

correlation with further impact studies. It would be expected that
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temperatures would be broadly similar for material types with some 

differences due to variation in stabilisation.

Other moulding trials were performed here to check for consistency in 

parts which were moulded in an aluminium mould and also for parts which 

were 6mm thick. Table 6.28 lists the internal surface MFI for a range of 

mouldings produced in the 330x300mm 6.2mm aluminium plate mould. The 

same oven temperature settings of 270°C, 300°C and 330°C were examined. 

As expected, the times required to produce an oxidised inner surface are 

longer than for the steel mould (assuming MFI=0.0 as an oxidised 

material).

Oven time 
(mins)

MFI (g/lOmin)

270°C
inner surf.

300°C
inner surf.

330°C
inner surf.

14 - - 2.00
16 - - 2.00
18 2.33 2.19 2.20
20 - 2.26 1.89
22 - 2.07 0.16
24 - 1.41 0.00
26 2.33 0.04 -
28 2.06 0.00 -
30 0.16 - -
34 0.00 -

Table 6.28 Internal surface MFI results for Enichem RP246H 
(2.7mm part in 330x300mm aluminium mould)

Figure 5.110 shows the internal air temperature profiles for oven 

temperatures of 270°C, 300°C and 330°C. The points at which the MFI has 

fallen almost to zero are marked and the value recorded below:
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Oven temperature: MFI value 0.1 Internal air temp.

v 3C) (min) (C)

270

300

330

30..0 205

25..5 214

22..0 214

Similarly a series of tests were performed using a 3.0kg shot weight 

which gave a part wall thickness of 5.6mm. The internal surface MFI 

values are listed in Table 6.29. The internal air temperature profile is 

shown in Figure 5.111. At 27min (where the MFI reaches zero) the 

internal air temperature was 212°C.

Oven time 
(mins)

MFI (g/lOmin)

—Oven temperature— 
300°C

inner surface

16 2.25
18 2.35
20 1.94
22 1.92
24 1.96
26 0.66
28 0.00

Table 6.29 Internal surface MFI for Enichem RP246H 
(5.6mm part in 330x300mm steel cube)

Thick walled parts such as these present difficulties in impact 

testing, also a relatively large area (approximately 200x200mm) is 

required to produce enough material for an MFI test on the fine layer at 

the inner surface. Using temperature measurements such as these, with a
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suitable safety margin of say 10°C, allows a non-destructive evaluation 

of the part properties.

6.5.2 Cooling plateau temperature

During cooling of crystalline materials, a plateau occurs as the 

material solidifies and releases latent heat of crystallisation. This 

causes the internal temperature to remain almost constant. The duration 

of this plateau is proportional to the volume of material present {see 

Figure 5.99). For normal moulding cycles performed here, where the 

internal temperature does not exceed the degradation point, the 

temperature at which this occurs will be slightly below the melting 

point of the material (this is for forced air cooling only, it would be 

expected that for water quenching the freezing point could be 

depressed). For cycles where degradation has occurred, changes in the 

material structure will be ,reflected in a corresponding drop in 

crystallisation temperature [153]. This drop is small however, even for 

fairly high levels of degradation. For example, the temperature profiles 

in Figure 5.109 show three tests which have all been overcooked, 

producing parts which were yellowed and smelt strongly. The cooling 

plateau's for these occur at approximately 118°C. Mouldings which were 

not overcooked (Figure 5.99) crystallised at approximately 120°C. A 

stronger indication of the likelihood of degradation is the maximum 

internal temperature at the end of the heating cycle (or slightly beyond 

in the case of thick articles). Tests using polyethylene in vented 

moulds where the internal temperature has exceeded 230°C are almost 

certain to be oxidised on the inner surface; thermal degradation at the 

mould surface would also be likely, depending on the level of
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stabilisers used.

6.6 Crystallinity properties

A microscopy study was carried out [153] which examined the crystal 

structure and surface detail of moulded samples. (Desai [154] performed 

a similar examination). For this study, 2.7mm (1.5kg shot) and 5.6mm 

(3.0kg shot) samples which had been moulded at 300°C in the 330x300mm 

steel mould over a range of times were used. The temperature profiles 

for these tests are shown in Figures 5.88(a) and 5.111.

6.6.1 External surface

Figures 5.112(a) and 5.112(b) show the changes in surface features for 

the external surface of the 2.7mm part, ie: adjacent to the mould. 

Scratches on the mould (from cleaning with emery paper) are clearly 

visible on all the samples and at this magnification they appear 

somewhat uneven. Dark rings indicate the positions of surface bubbles. 

These disappear as time progresses, occurring until between 18 and 20 

minutes heating time. At this point the surface temperature of the mould 

is approximately 230-240°C.

6.6.2 Internal surface

Figures 5.113(a) and 5.113(b) show changes which occurred at the 

internal (free) surface of the 2.7mm part. Much more dramatic changes 

take place as the particles of powder fuse and coalesce.

After 12 minutes heating, although to the naked eye the inner surface 

appears to have completely melted (albeit slightly unevenly), under the 

microscope the individual particles of powder are still discernible. As
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heating progresses the surface levels out and the particles fuse 

together. After 20 minutes heating, the boundaries between particles are 

still visible in a dried river-bed appearance. Only after 22 minutes, 

when degradation at this surface has occurred, do the particles 

completely fuse. During this melting process, a series of rings can be 

seen progressing through each particle towards its centre. A small area 

at the centre of each remains as a regular series of little pimples on 

the last sample at 22 minutes.

6.6.3 Cross-section
An examination of the cross-section of the samples over the same 

heating period is shown in Figures 5.114(a) and 5.114(b). These show a 

regular pattern of crystals from the mould surface at the left to the 

free surface on the right. Neither the wall thickness nor the cooling 

methods used were sufficient to induce major changes in crystal size 

across the part. For the shorter heating times, it would appear that the 

crystal size is marginally larger than for longer cycles. The first 

samples (12 and 14 minutes) contain voids trapped during the process of 

powder adhering to the mould. These subsequently diffuse/dissolve into 

the surrounding polymer so that the cross-section is void free at 

extended oven times.

The spherulites are generally random and fairly uniform in size. At the 

mould surface, smaller spherulites can be seen which are more column 

like in appearance; these become more apparent for longer heating times. 

At the free surface also there are changes in the random, uniform 

pattern. A narrow band of material acts as a nucleation site for 

column-like spherulites. This material is degraded and acts as a crack
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initiation zone when the part is impacted. Figures 5.115(a) and 5.115(b)

show ciose-ups of this area. The band of oxidised material at the 

surface is separated from the main body of material by a region of very 

fine crystals.

A drop in impact strength for a series of samples taken from the same 

mouldings (see Section 6.4 above) showed that the MFI of the material at 

the inner surface fell to 0.1 g/lOmin (from 2.2 g/lOmin) for an oven 

time of 18 minutes. From Figure 5.114(b) it can be seen that changes in 

the inner surface structure are clearly evident at 18 minutes. Also, the 

low temperature impact strength of similar samples fell when the oven 

time went beyond 22 minutes. This coincides with the appearance of the 

sharp division in crystal size at the oxidised inner surface described 

above.

6.6.4 Thicker wall section

Surface changes for 5.6mm samples were very similar although slower to 

occur due to the slower rates of temperature rise involved. Figures 

5.116(a) and 5.116(b) show the progressive smoothing of the inner 

surface of samples exposed to between 18 minutes and 28 minutes heating. 

The powder particles gradually fuse together, although not as completely 

as for the 2.7mm samples. An examination of the cross-section of the 

sample at 28 minutes shows the existence of a similar band of oxidised, 

material as for the 2.7mm sample heated for 22 minutes (see Figures 

5.117(a) and 5.117(b)).
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6.7 Computer predictions

This section deals with the computer simulation of various experimental 

measurements. It begins with the oven characteristics and leads on to 

complete system simulations which are compared with the in-mould 

temperatures recorded in Section 6.3.

6.7.1 Machine heat transfer coefficient

Having characterised the thermal properties of the powdered materials 

for the computer simulation, it was necessary to determine a 

characteristic heat transfer coefficient for the Caccia oven. This was 

to allow computer predictions to be compared directly with experimental 

results.

6.7.1.1 Forced and free convection

Heat transfer under forced convection has been the subject of much 

experimental research [135,137,138]. At present a theoretical analysis 

for the determination of heat transfer coefficients for all situations 

is not available. Instead, correlations with experimental results may be 

obtained for specific cases. These are available for bodies such as 

spheres and cylinders and for flow over flat plates in laminar and 

turbulent situations. The correlations can be complex, relating body 

shape, fluid properties and fluid velocities. Applying one of these 

correlations to a rotational moulding situation is difficult, even for 

the simplest of shapes; analysis of the flow around a sphere in an 

infinite free-stream can be performed (including the separation and 

re-attachment of turbulent flow and mapping local changes over the 

surface) but this becomes very much more involved in an enclosed oven
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'-■jhere the sphere is rotating in three dimensions about a centre other 

than its own. Boundary layers at the oven walls and flow complications 

due to the corners of the oven compound the problem. Even to produce an 

experimental correlation for rotational moulding machines will be 

difficult. The variety of mould shapes, multiple mounting of moulds, 

changes in rotational ratios, differences of scale between ovens and 

differing fan capacities make it a very complex problem indeed.

During this work, experimental data has been gathered for the Caccia 

oven so that average heat transfer coefficients can be calculated and 

used for computer predictions. The data relates to the high rates of 

heat transfer occurring at the outer surface where the air-flow rates 

are high (forced convection) and at the inner surface where air flow is 

much slower (free convection). From this data it is hoped to gain 

sufficient understanding to extend the analysis to other ovens. This 

would be performed using data recorded by the ROTOLOG system, ie: a 

technique of ’calibrating’ the software for a particular oven using 

experimental data.

6.7.1.2 Approach

A graphical approach was used to estimate an effective value for both 

the outer (HTC1) and inner (HTC2) mould surface convective heat transfer 

coefficients. This involved plotting the experimental results against 

computer predicted data. The computer data was produced using equations 

which form part of the final simulation model described in Sections 

3.2.4.1, 3.2.4.2 and 3.2.4.6. The heat transfer coefficients were 

adjusted until a suitable fit of the curves was obtained. This was 

performed for both the heating and cooling portions of the curves for
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various oven settings (although cooling consisted only of forced air). 

The values obtained allow simple, direct incorporation of experimental 

data into the program and are characteristic only for the Caccia oven.

Temperatures were measured at the external surfaces of the moulds, via 

thermocouples welded directly to the surface, and internally in the 

enclosed air-space during known heating cycles. Four oven settings were 

examined for both the steel and aluminium cubes; these were 270°C, 

300°C, 330°C and 360°C.

6.7.1.3 Heating

Figures 5.118 and 5.119 show typical experimental results for the empty 

steel and aluminium moulds respectively. The moulds were rotated as if 

in a normal moulding cycle. Comparing them to curves recorded during 

moulding cycles containing powder (eg: Figure 5.67) shows that:

(i) the rate of temperature rise is higher. The thermal mass and heat 

capacity of the system are lower.

(ii) the rise is uninterrupted. Melting semi-crystalline material 

absorbs latent heat of fusion, so reducing the rise in 

temperature of the mould wall.

(iii) the inner air temperature rises in a similar fashion to the 

external wall temperature.

To demonstrate the effect of the heat transfer coefficient. Figure 

5.120 shows the computer predicted curves for values of HTC1 of 5, 10 

and 20 against the experimental external wall temperature for the steel 

mould at 300°C. To calculate HTC1 for each set of data, the value is 

adjusted until the curve lies along the experimental data.

Table 6.30 lists the values obtained for each condition.
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Material 
(mm)

External/
internal

Effect heat transfer coeff. (W/m2K)

270°C 300°C 330°C 360°C

Steel (1.6) External 11.0 11.0 11.0 11.0
Steel (1.6) Internal 1.0 1.0 1.0 1.0

Alumin (6.2) External 22.0 22.0 22.0 22.0
Alumin (6.2) Internal 0.5 0.5 0.5 0.5

Table 6.30 Effective Heat Transfer Coefficients for Caccia oven 
for steel and aluminium moulds over a range of oven temperatures

No change was found as the oven temperature increased for either the 

steel or aluminium mould. The differences between them for similar 

moulding conditions may be due to different interfacial characteristics, 

the aluminium was shiny and smooth whereas the steel was dull and 

slightly tarnished. It had been expected that the values would have been 

similar as the oven characteristics should be dominant. The internal 

coefficients are much lower where the air flow/convection due to 

rotation alone is much lower than at the external surface.

Forced convection of air to a metal surface should produce heat 

transfer coefficients from 30W/m2K upwards; free convection should 

produce values around 6W/m2K. The values calculated here are much lower, 

perhaps due to the simple model used at the oven/surface interface or 

again at the inner surface (referred to in Section 6.1.7). However, the 

correlation with experiment is good when they are used in conjunction 

with the equations through which they were derived.

6.7.1.4 Cooling

A similar method was used to estimate the external and internal cooling
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coefficient (HTC3 and HTC4) for each mould and condition. Figure 5.121 

shows how values of 10, 50 and 100 W/m2K would affect the rate of 

cooling. The curves use the heating curve for the steel mould at an oven 

temperature of 300°C as a baseline.

The values calculated are given in Table 6.31. These are for forced air 

cooling only, water shower or spray were not available at the time of

testing.

Material External/ Effective cooling coeff. (W/m2K)
(mm) internal

—uven LempeiraxujL b--
270°C 300°C 330°C 360°C

Steel (1.6) External 20 20 20 20
Steel (1.6) Internal 1 1 1 1

Alumin (6.2) External 50 50 50 50
Alumin (6.2) Internal 0.5 0.5 0.5 0.5

Table 6.31 Effective Cooling Coefficients for Caccia oven 
for steel and aluminium moulds over a range of oven temperatures

The external cooling fan is more effective in an open air situation 

where the air can pass freely over the mould than the heater fan in the 

enclosed oven. The relative air flow rates for both fans are not known. 

The effect of increasing oven temperature was to increase the 

temperature at the beginning of the cooling cycle. No difference in the 

cooling coefficient was found over the temperatures tested. These tests 

were performed over two consecutive days when the ambient air 

temperature was 15°C. Changes in the temperature of the cooling air 

would change the rate of cooling but the cooling coefficient is assumed 

to remain reasonably constant.
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An indication of the levels of cooling that water would impart was 

gained from the data published by the Rotational Moulding Development 

Centre at Akron University [99]. Curves for the heating and cooling of 

moulds were presented, and although not rotating, allowed analysis of 

the rates of cooling. The data was digitised and plotted against 

computer predicted curves as for the cube moulds above, with the mould 

dimensions and wall thickness altered accordingly. The values obtained 

are listed in Table 6.32 below.

Material
(mm)

External/
internal

Effective coefficients 
(W/m2K)

Ambient Forced air Water Show.

Steel(1.6) External 5.5 22 300/100
Steel(1.6) Internal 0.5 0.5 0.5

Alum (8.2) External 13 35 300/100
Alum (8.2) Internal 0.4 0.4 0.3

Table 6.32 Effective Cooling Coefficients for McNeil oven 
from Akron data [99] for steel and aluminium plate moulds 

for oven setting of 320°C

This data is intended only as a guide since the temperature 

measurements were made for static moulds and the positions of the 

thermocouples are not known. Cooling by water shower is most effective; 

using two values, 300W/m2K for mould surface temperatures above 100°C 

and 100W/m2K below 100°C, produced the best correlations.
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6.7.1.5 Mould position

Tests were carried out to examine the heating rates for a static mould 

positioned at:

(1) close to the heat source

(2) directly opposite the heat source

These are then compared with the rates measured above for a rotating 

mould. Figure 5.122 shows the external wall temperature for the three

cases.

As expected the curves are clearly separated; when static and 

positioned close to the heat source (position (1)) the mould heats 

fastest. Heating is slowest when positioned away from the blower - the 

arm of the machine acts as a shield when the mould is in this position 

(2). A rotating mould falls between the two cases but is closer to the 

heating profile for position (1) since the arm will only reduce the 

effect of the blower for a short period during each rotation. Whilst 

moving, the mould will pass through maximum and minimum, heat transfer 

conditions; the overall heat transfer coefficient used for the 

simulation is thus an averaged value for the oven. The heat transfer 

coefficient for position (1) - close to the heat source - was 13W/m2K 

and for position (2) - away from the heat source - was 8W/m2K. 

Incorporating variable heat transfer coefficients, dependent upon 

position within the oven, would obviously be a more accurate method for 

dealing with situations where several moulds are mounted together, but 

is beyond the scope of this work.
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6.7.2 Rotational ratios

An analysis of the bi-axial motion at the heart of rotational moulding 

was performed using an idealised computer model (described in Section 

3.2.3). This allows a powder pool to be tracked across the inner surface 

of an ellipsoidal mould. From this motion a record of the time powder 

spends in contact with any point on the surface may be plotted as a
t

three dimensional isometric image.

The conditions covered are limited in this first model by the 

assumption that the orientation of the pool is horizontal during 

rotation. This is valid only for very slow rates of rotation and regular 

shapes. To extend the model to incorporate dynamic angles of repose, 

especially for complex mould geometries, is beyond the scope of this 

work at present. This study examines the basic ratios which are commonly 

used in industry for both regular and elongated shapes, allowing an 

insight into the mechanism of powder distribution without the 

complications of irregular ratios and shapes.

6.7.2.1 Bi-axial motion

The bi-axial (3-D) motion modelling shows that, regardless of the 

initial position of a mould to the machine plate, the angular 

displacements (and therefore orientation) during rotation are the same 

for a given period of motion. The major difference between a centrally 

mounted mould and one on the periphery of a plate will be the speed at 

which the mould moves in space. This will produce differences in the 

centripetal forces acting on the powder inside and thus may cause 

differences in distributions, depending on the shape of the mould. The 

faster the rates of rotation and the greater the distance away from the
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centre of rotation, the larger these forces become and the greater are

the chances of polarisation of material. This may be one of the reasons 

why slow rates of rotation are preferred for large moulds or where 

groups of many moulds are used. By assuming a horizontal pool position, 

this simulation is assuming that slow rates of rotation are used and 

that moulds are mounted close to the centre of rotation.

The above analysis considers the motion of the powder relative to the 

mould and the effects of centripetal forces. A further analysis must be 

performed which considers the motion of the mould relative to the oven. 

In this case the mould is constrained in its motion by its fixture to 

the machine plate whereas above, the powder is free to fall according to 

the angular orientation of the mould. Section 6.7.2.4 considers the 

motion and a graphical examination of the system.

6.7.2.2 Contact-time distribution

The isometric images used to examine the contact time and wall 

thickness distributions are produced by laying flat the inside surface 

of the mould (eg: as in a world map) and then projecting the time or 

thickness at any point vertically. The image is divided at the mould 

centreline so that the coverage from the equator of the shape to one end 

(or simply the top in the case of a sphere) is displayed. Since simple 

ellipsoidal shapes in horizontal and vertical positions are used, the 

distribution is symmetrical about the equator. Odd shapes and mounting 

the mould at an angle would cause irregular distributions. Figure 5.123 

shows the five cases considered. A sphere, a rugby ball and a long, 

cigar shape (the latter two in both vertical and horizontal orientations 

relative to the machine mounting plate) are chosen to approximately
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represent a range of general mould forms. For each of these 

configurations, the distributions for a series of ratios of rotations 

are shown in Figures 5.124 to 5.128. The ratios used are whole numbers 

in the range quoted on manufacturers charts [82] and are the ratio 

between the rotational speed of the arm to that of the plate (ratios 

in-between are discussed below). The isometric image is plotted on a 

regular base by default so that the ellipsoidal mould form when laid out 

does not cover two of the four corners.

Figure 5.124 shows the distributions for a sphere over a range of 

ratios from 1:4 (ie: a reverse ratio where the plate is rotating at four 

times the arm speed) to 6:1. The images consist of a series of peaks and 

troughs resulting from the motion of a band of powder across the mould 

surface. In all cases there is a major peak at the point C corresponding 

to the top of the sphere. During rotation, the top and bottom of the 

mould are fixed relative to the plate so that they pass through the pool 

of powder at the base of the mould once every turn of the arm axis.

Areas along the equator (points A and B) do not pass through the lowest 

point with every turn but according to the ratio of the plate to the 

arm, and in the case of certain ratios not at all. Distributions which 

exhibit large extremes between the peaks and troughs can be considered 

as potentially poor moulding ratios. Ratios of 1:3, 1:2, 1:1, 2:1 and 

3:1 are quite irregular. 1:1 in particular does not cover certain areas 

along the equator of the sphere. The powder follows a figure of eight in 

3-D along a fixed path in the mould (see section 6.7.2.3). At 3:1 the 

paths of the powder can be clearly seen along the equator, rising to 

peaks as the powder pool diminishes. At 4:1 the overlap between the 

tracks produces an even distribution along the equator, although still
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with a peak at the top of the sphere. This is the lowest ratio, for all 

the shapes, at which an overlapping and effective smoothing of the 

distribution occurs. Higher ratios of 5:1 and 6:1 also produce regular 

distributions. A reverse ratio of 1:4 is recommended to cure parts which 

show a poor wall thickness distribution at 4:1, from the contact time 

distribution it can be seen that the peak at the top of the sphere is 

shifted down slightly and at the equator is quite regular. The motion of 

reverse ratios is more complex than the straight-forward top to 

bottom-top to bottom motion of ratios higher than 1:1.

For vertically mounted, elongated shapes such as those in Figures 5.125 

and 5.126 (with length/diameter ratios of 4:1 and 2:1) the distribution 

pattern is similar in that the powder tracks are distinguishable for 

ratios below 3:1 and then level out along the equator at 4:1, The main 

contact-time peak at the top of the shape becomes more accentuated for 

elongated, cigar shapes. This is because the rotating motion causes the 

powder to spend more time trapped in these regions, falling rapidly from 

end to end.

The distributions for horizontally mounted, elongated shapes become 

more complex. Figures 5.127 and 5.128 show two cases equivalent to the 

vertical cases above (Figures 5.125 and 5.126). The pattern of 

distribution is quite different. The top and bottom of the shape 

(relative to the plate) lie along the equator of the shape in these 

figures. Peaks due to powder passing over these regions every turn of 

the arm can be seen as well as a peak in the extreme end of the shape. 

The contact-time over the surface is less polarised than for vertical 

shapes but for lower ratios is prone to low contact times at the sides 

of the shape (ie: at points B). The ends of the shape trap powder (and
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therefore increase the contact time) as they rotate through the lowest

point during the motion. As powder falls out of the ends the powder 

passes more quickly over the central regions. This will be particularly 

true for long shapes where the changes in orientation will be much more 

dramatic than for regular shapes.

6.7.2.3 Non-integer ratios

The above analysis was restricted to whole number ratios of rotation. 

The pattern of distribution for a single complete cycle repeats itself 

and the next cycle is overlaid exactly upon the preceding one. However, 

the ratio will rarely be exact when machine controls are used for 

setting the speeds. The ratio will most commonly be slightly off from 

the selected value so that the ratio will be say, 4.1:1 as opposed to 

4:1. This means that the paths of powder distribution do not coincide 

exactly after one cycle (ie: one rotation of the slowest axis). This 

effect is beneficial were there are sufficient cycles of rotation during 

the heating cycle. Where a path of powder does not overlap with the path 

it took on the previous cycle, adjacent areas are covered which ensures 

a more even contact time distribution. This can also produce misleading 

results for ratios such as 1:1. Preliminary cylinder mouldings were 

produced using machine panel settings for 1:1 (arm speed 8 to plate 

speed 4). These had a surprisingly good distribution. Examination of the 

actual speeds of rotation at the mould using an optical tachometer 

showed that the ratio was actually approximately 1.1:1. For an oven 

cycle of 12 minutes there were 48 complete cycles of rotation which was 

sufficient to ensure that all parts of the mould were covered. When the 

ratio was set at the mould to exactly 1:1 the moulding produced was
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complete only at the top and bottom and along one side where the 

3-dimensional figure of eight motion crossed.

Thus, since exact ratios will rarely be achieved in an industrial 

environment, the offset ratio works in the favour of the moulder. Using 

the simulation to produce distributions for 3.3:1, 3.5:1 4.5:1, etc. 

showed that the distinct powder paths shown for whole number ratios 

overlapped and.the final contact time distribution was very similar to 

that for the 4:1 ratio in all cases.

6.7.2.4 Mould motion relative to oven

As an aid to describe the motion of a mould within an oven, a program 

was written using solid modelling graphics. This produces a pictorial 

record of the path a mould (or part of a mould) will take through the 

oven space and how it moves relative to the heat source. In the case of 

the Caccia machine, the heat source is positioned as shown in Figure 

5.129. This shows a spherical mould initially at some displacement 

fi'om the plate axis centre and from the arm axis centre. The motion 

(or path in space) for ratios of rotation of 1:1, 2:1 and 4:1 are shown 

in Figures 5.130 to 5.132. As can be seen, at 1:1 the mould travels a 

limited path, the maximum and minimum points of which are determined by 

the initial mounting position. As the ratio increases, the motion 

becomes more complex and uses much more of the oven space. (As the 

possible combinations of ratio, mould shape and initial mounting 

positions are limitless, only a few of the graphics are shown here.) The 

program can also deal with the motion of other shapes as shown in Figure 

5.133, which shows a cylindrical mould rotating at 3:1.
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6.7.3 Complete simulation output

The computer model covers many aspects of the process during a 

calculation. To allow analysis of the potential use of such a model, the 

output has been chosen to coincide with the data collected during 

experiment. The temperature-time profiles are the most characteristic 

feature of the process and have been shown to be dependent mainly on the 

material type, oven temperature, part thickness and mould wall 

thickness/material. The effect of these variables on moulding times are 

examined and compared with the experimental results from above.

6.7.3.1 Temperature time profiles - MDPE

Average temperature profiles for the external mould surface and the 

internal air were calculated for a range of conditions similar to those 

which had been tested experimentally on the Caccia machine. The MDPE 

materials were chosen as standard materials; Enichem RP246H as the most 

readily available was used for the initial correlations.

To eguate computer conditions with experimental trials, the program 

uses the actual mould surface area and maintains the same shot weight 

and wall thickness of material. The general dimensions of the part 

(L/B/D) are used to produce an approximate ellipsoidal shape with the 

input surface area. Temperatures at the mould surface and inner air are 

recorded for comparison.

Figure 5.67 shows the typical external wall and internal air 

temperature profiles during moulding for polyethylene. For comparison 

Figure 5.134 shows computer predicted average external wall and internal 

air profiles for an equivalent oven temperature, part thickness, mould 

material, mould thickness and ratio of rotation. The main features of
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the curves are present; the external wall temperature rises in a similar 

fashion to the experimental data (see Figure 5.135); the internal air 

temperature also rises quickly at first, levels out as the material 

adheres to the mould and rises quickly again once all the powder has 

disappeared, again similar to the experimental readings (see Figure 

5.136). Figure 5.134 also shows the average internal wall surface 

temperature (the position of which obviously changes as the polymer 

builds up on the mould surface) and the average pool temperature.

The relationship between the air space and the pool is an important 

factor in the equilibrium established within the mould. The heat 

transfer coefficient between the free mould surface and the air is 

treated as an ambient convective term. However, if the heat transfer 

coefficient between the surface of the pool and the air is given the 

same value, the simulation does not correlate well with experiment. The 

heat transfer coefficient is assumed to be higher in this case than for 

a static surface-air situation. This is due to (i) the tumbling motion 

which effectively folds and mixes the air through the powder and (ii) 

the free powder has a much higher surface area than a smooth surface 

(this latter assumption would also mean that heat transfer between 

powder attached to the wall and the air is higher). By incorporating a 

coefficient seven times higher than that for the static value the 

simulation produced a more realistic balance. Figure 5.137 shows the 

effect on the internal air temperature profile when the heat transfer 

coefficient between the pool surface and the inner air is the same as 

for the mould surface to the inner air. The air temperature rises more 

rapidly initially when there is no air/pool interaction and achieves a 

balance at a higher point (similar to the internal surface temperature
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in Figure 5.134). This is simply a rearrangement of the energy within 

the system so that the point at which the powder pool disappears is the 

same for both cases and beyond this point both cases are identical.

By treating the air/pool interaction as the major factor in 

establishing equilibrium, the model predicts that the temperature rise 

at the end of Stage 2 (ie: when all the powder is assumed to have 

adhered) begins when around 5-10% of the powder pool still remains. This 

is because the input of energy from the free walls is much higher than 

the energy absorption across the air/pool interface. The diminishing 

pool at some point cannot maintain the balance. In real moulding 

situations the end point is very sharply defined which would lead to the 

assumption that the powder must adhere entirely to the mould before the 

temperature rises; the contribution of the free walls must be much 

greater than assumed here. During the simulation, it is predicted that 

the average temperature of the inside surface remains steady above the 

air temperature during the adhesion stage (see Figure 5.134). Powder 

attaches to the wall at pool temperature, is heated on one side by the 

internal air and absorbs heat from the molten polymer attached to the 

wall on the other. When this powder layer melts (or reaches the tacky 

temperature) it is ready to attract more powder. This means that, 

assuming the powder regularly contacts all points on the surface, the 

inner surface maintains a powdery appearance and therefore a temperature 

below or close to the melting point of the powder.

The interaction of the pool and air becomes more important for thick 

parts and long cycles. Conditions close to equilibrium are achieved in 

parts where the wall thickness exceeds 20mm; the internal air 

temperature becomes almost a horizontal line. Figure 5.138 shows
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computer predicted internal air temperature curves for wall thicknesses 

of 1, 2, 4, 6, 8, and 12rnm. These indicate, in a similar fashion to the 

experimental curves of Figure 5.99, that the pool, air and inner surface 

temperatures converge as the powder pool disappears and heat transfer 

into the enclosed space slows down through the growing thickness of 

insulating polymer.

During cooling the absorbed latent heat of fusion is released as latent 

heat of crystallisation. The temperature at which this occurs, for 

forced air cooling, is just below the melting point for polyethylenes 

(2-4°C) but is much lower for the polypropylenes (approx. 35°C). From 

DSC tests it had been expected that the crystallisation point would be 

low for all cases. Using cooling rates of 16°C/min the crystallisation 

point could be depressed by as much as 25°C for polyethylene, for the 

mouldings above, the cooling rate of the internal air during cooling is 

around 17°C/min for a 3mm part.

To accommodate crystallisation in this model, the temperatures were 

measured from the datalogger recordings and the routine which caters for 

absorption of heat due to the latent heat of fusion is reversed to 

release heat of crystallisation at this point. (The correct method for 

dealing with this would be to use variable specific heat data). The 

value of the latent heat of crystallisation will depend on the 

processing history, ie: the level of crystallinity which is achieved and 

the effects of any degradation. For this work the value is assumed to be 

equal to the latent heat of fusion.

From Figures 5.135 and 5.136 it can clearly be seen that the model does 

not produce a close correlation after the material has solidified. The 

predicted temperature curves do not respond to the release of
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crystalline energy in the same way as the experimental curves. There are 

several reasons for this; (i) the latent heat of crystallisation and 

thermal properties for the cooling material are assumed from data 

obtained from heating data, (ii) the interfacial model at the 

mould/polymer boundary and at the polymer/internal air boundary both 

require modification. It is hoped to address these in a continuing 

project.

6.7.3.2 Polymer distribution

Section 6.7.2.2 deals with the contact-time distributions between 

powder and mould as calculated for a range of shapes and ratios of 

rotation. The images produced show that the contact-time distribution 

will never be perfectly uniform. The powder pool reduces in size as the 

moulding process takes place so that the track of the pool becomes 

narrower. Also, areas such as the top and bottom, or extremities of 

shape will cause peaks of distribution to occur. However, when heat 

transfer is added to the system and combined with the contact time 

distribution to produce an overall wall thickness distribution for the 

final part, a dramatic levelling occurs. Figure 5.139 shows the contact 

time distribution for the five shapes considered, along with the 

calculated wall thickness distribution at the end of a moulding cycle at 

a ratio of 4:1. It can be seen that all five cases are almost uniform in 

distribution. This is caused by the insulating effect of the polymer. As 

powder attaches to the mould and melts, it forms a resistance to heat 

flow in that region so allowing other parts of the mould to rise in 

temperature and thus attract powder. Levelling of heating rates in this 

manner is the reason that rotational moulding is so successful at
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producing aLnost uniform parts. For a reasonably uniform contact-time 

distribution, in bi-axial motion, where all points on the mould are 

regularly covered, no part of the mould can become excessively thick in 

preference to another unless complexity of shape causes trapping of 

powder. This will be true up to a limiting wall thickness when the 

effects of viscous flow will also affect the polymer distribution.

Experiments examining the first adherence of powder during moulding 

showed good correlation with the computer predictions. During heating, 

all points on the surface of an empty, uniformly thick mould will rise 

in temperature in a reasonably uniform manner (within 10-20°C - see 

section 6.7.1.5). When a freely moving mass of powder passes over the 

surface inside it acts as a heat sink, absorbing some of the energy 

which would otherwise have contributed to a rise in mould temperature in 

that region. Energy will pass more freely to the powder in a conduction 

mode than to the air in a free convection mode. Thus, areas which are 

most in contact with the powder pool are areas which will be slowest to 

rise in temperature. Areas less regularly contacted by the powder will 

be first to reach to a point where powder will adhere. In the case of a 

sphere the first regions expected to attract powder are along the 

equator. The top and bottom of the sphere are where the peaks of contact 

time distribution occur and are thus the most 'cooled' areas. Trials 

using a cube moulding showed that powder did indeed adhere along the 

vertical sides first.

6.7.3.3 Other materials

The simulation was used to calculate processing data for each of the 

materials compared during the moulding trials. Using the thermal data
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measured in Section 6.1, the following points were calculated:

(i) time to the end of the powder pool

(ii) time to an internal temperature of 200°C 

for the same experimental conditions as above.

6.7.3.3.1 Polyethylenes

The polyethylene materials tested consisted of one HDPE, three MDPE and 

one LLDPE. A comparison of experimental moulding times showed (Section 

6.3.3) that they were all very similar. The HDPE material would be 

expected to require longer heating periods for a similar MFI, this 

material had a higher MFI value than the other materials which may 

account for its faster processing. The LLDPE material was, in general, 

faster than the other PE materials. Table 6.33 compares the experimental 

results to the end of the powder pool with simulation calculations for 

each material. Table 6.34 compares results for the time to reach 200°C 

internally. (Table 6.10 lists the moulding conditions A to D.)

Material Predicted time to powder pool end (min)
[() = experimental times]

A B C D

NCPE 8017 10.4 (10.0) 9.7 (8.9) 13.7 (13.9) 12.7 (13.3)
NCPE 8628 11.3 (11.0) 10.6 (8.9) 14.9 (14.0) 13.7 (13.5)
NCPE 8683 10.7 (9.9) 10.0 (8.8) 13.9 (13.8) 12.8 (12.6)
Exxon 8761 11.2 (10.1) 10.2 (9.1) 14.1 (14.5) 13.2 (12.7)
8405 Blk 10.6 (10.4) 9.8 (9.2) 13.9 (14.2) 12.9 (13.8)
RP246H 10.7 (10.0) 10.1 (9.4) 14.3 (14.4) 13.3 (13.7)

Table 6.33 Comparison between simulation and experimental 
times to powder pool disappearance for polyethylenes
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Material Predicted time to 200°C internally (min)
[ () = experimental times ]

A B r D

NCPE 8017 15.1 (15.1) 13.1 (12.5) 20.3 (21.4) 18.1 (19.0)
NCPE 8628 15.8 (15.9) 13.7 (12.5) 21.1 (22.0) 18.8 (19.6)
NCPE 8683 15.2 (14.7) 13.3 (12.5) 20.6 (23.6) 18.3 (18.9)
Exxon 8761 16.3 (14.6) 13.8 (13.8) 20.8 (22.0) 18.5 (19.1)
8405 Blk 15.5 (14.9) 13.3 (12.6) 20.6 (21.1) 18.3 (19.5)
RP246H 15.5 (14.5) 13.5 (13.0) 21.1 (21.7) 18.7 (19.4)

Table 6.34 Comparison between simulation and experimental times 
for internal air temperature to reach 200°C for polyethylenes

Overall the times are very similar for all these materials. The 

dominant thermal properties (conductivity, specific heat, melting point 

and latent heat of fusion) are all of the same order. The simulation 

results vary within approximately 10% of the experimental data for all 

these materials (except NCPE8683 condition C) across the four 

conditions.

For the steel mould (conditions A (300°C) and B (330°C)) the predicted 

values are mainly higher than those found by experiment; for the 

aluminium mould (conditions C (300°C) and D (330°C)) they are all 

slightly lower. Increasing the oven temperature by 30°C for the steel 

mould causes a drop in cycle time comparable to the drop in time found 

experimentally; an increase of 30°C for the aluminium mould produces a 

lower drop in cycle time than found experimentally.

6.7.3.3.2 Polypropylene

Comparisons between computer predicted times and experimental values 

are given in Tables 6.35 and 6.36 for PP121 polypropylene material.
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Predicted time to powder pool end (min) 
[() = experimental times]

Material

-Moulding Condition-

PP121

Table 6.35 Comparison between simulation and experimental 
times to powder pool disappearance for polypropylene

Predicted time to 200°C internally (min) 
[ () = experimental times ]

Material

-Moulding Condition-

PP121

Table 6.36 Comparison between simulation and experimental times 
for internal air temperature to reach 200°C for polypropylene

Again the predicted times are close to experimental values for all the 

conditions. The temperature profiles are shown in Figures 5.140 and 

5.141 for a 1.5kg shot-weight (2.8mm part) in the steel mould at 300°C 

and the aluminium mould at 300°C. These can be compared with the 

experimental profiles of Figures 5.91(a) and 5.91(c). The predicted 

internal air temperature curves are less definite than the experimental 

curves, although the plateau of Stage 2 occurs across a similar span.

The end of Stage 2 occurs at a much higher temperature than for the PE 

materials, at approximately 160°C; this is demonstrated by the predicted 

curves which incorporate this point as a combination of the material 

melting point and 'tacky' temperature.
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6,7.3.3.3 EBA co-polymer

The thermal properties of the EBA co-polymer (NCPE8019) are very 

different from the polyethylenes and polypropylenes above. It does not 

have a smooth melting peak, but two smaller peaks at much lower 

temperatures. Temperature profiles for a 1.5kg shot-weight at 300°C in 

the 330x300mm steel mould are shown in Figure 5.142. Comparing these to 

the equivalent experimental profiles of Figure 5.89(a) the predicted 

internal air temperature profile does not demonstrate as sharp a 

transition from the end of the plateau of Stage 2 to the consolidation 

Stage 3. The times at which the powder is predicted to disappear under 

the four experimental conditions are shown in Table 6.37. The similarity 

of these results is due to the fact that, providing accurate material 

properties are known, the energy required to raise a known mass of 

polymer from ambient temperatures to just beyond its melting point can 

be calculated. Also, the rate at which energy is transferred across the 

surface of the mould is known from experiment so that, with due 

influence from the build-up of material at the mould inner surface, a 

calculation of the time required to supply this energy to the material 

inside the mould should be within reasonable experimental error.
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Predicted time to powder pool end (min) 
[() = experimental times]

Material

-Moulding Condition-

10.3(10.7)NCPE8019

Table 6.37 Comparison between simulation and experimental 
times to powder pool disappearance for EBA co-polymer

Material Predicted time to 200°C internally (min)
[ () = experimental times ]

A B c D

NCPE8019 14.6(14.0) 12.7(11.5) 19.5(20.0) 17.0(18.2)

Table 6.38 Comparison between simulation and experimental times 
for internal air temperature to reach 200°C for EBA co-polymer

6.7.3.3.4 Amorphous materials
The above approach is undermined by the results from Hytrel, for 

although the material data was gathered in a similar fashion to the 

other materials, the predicted times are longer than experimental times 

(see Tables 6.39 and 6.40). The major difference in the moulding 

behaviour of this material is the formation of a thick porous mass 

before collapse occurs. The material data and the simulation (which 

expects a moving melt front within the polymer wall) do not describe the 

physical situation as well as for the polyethylenes. The predicted 

temperature profiles are shown for the standard test data (1.5kg, steel 

mould, 300°C) in Figure 5.143. These show that the temperatures at which

364



the plateau of Stage 2 begins and ends are lower than those found by 

experiment.

Material Predicted time to powder pool end (min) 
[() = experimental times]

-Moulding Condition- 
B CA

Hytrel 
PC Lexan

12.7 (9.6) 
13.1 ( - )

11.7 (8.3) 
12.0(11.7)

16.1(14.3) 14.9(12.3)

Table 6.39 Comparison between simulation and experimental 
times to powder pool disappearance for the amorhous materials

Material Predicted time to 200°C internally 
[ () = experimental times ]

(min)

L
A

-Moulding Condition- 
B

Hytrel 
PC Lexan

16.3(12.6) 
14.1( - )

14.0(10.5)
13.7(13.2)

21.7(19.5) 19.5(17.3)

Table 6.40 Comparison between simulation and experimental times for 
internal air temperature to reach 200°C for the amorphous materials

The range of experimental data available for the polycarbonate material 

is limited to a single condition. However, from the predicted 

temperature curves of Figure 5.144 it can be seen that the shape and 

position of the internal air temperature curve is similar to the 

experimental data of Figures 5.96 and 5.97; again the curves are not 

quite so sharp.

Neither of these materials has a latent heat of fusion, yet both 

exhibit the characteristic plateau of Stage 2. The incorporation of the
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balance in temperature between the powder pool and the enclosed volume 

of air allows the computer simulation to deal with this plateau. The 

latent heat of fusion contributes to the slow-down in temperature rise 

during this stage, for those materials in which it is present, but it is 

not the dominant process.

6.7.4 Effect of variable changes

Any simulation is most useful when used to address the 'What-if?' 

question, ie: how changes in one variable will affect the overall 

cycles, temperature profiles, etc. Several of the major variables have 

been considered in the experimental studies so that direct comparison 

with the simulation is possible. Other variables are also considered 

here.

In using the simulation, absolute accuracy for all situations is not a 

practical objective. To gain an understanding of the relative effect of 

changing one variable should be sufficient for most situations where a 

level of knowledge already exists. By starting from a known experimental 

point, eg: a standard cycle time, oven temperature and material, and 

’calibrating’ this with an equivalent computer run, it is then possible 

to determine the effects of changing the oven temperature or increasing 

the mould wall thickness or the part wall thickness. The following 

sections give an indication of the accuracy achieved for the 

measurements made on the Caccia machine and how the simulation could be 

used in practical situations.

6.7.4.1 Part thickness

The two series of experimental tests detailed in Section 6.3.4 which
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tested parts with wall thicknesses in the range of 1mm to 20mm were 

repeated using the simulation. Tables 6.41 and 6.42 compare the data for 

both cases; Sclair 8405 in the 440x400mm steel mould at 270°C and 

Enichem RP246H in the 330x300mm steel mould at 300°C.

Part wall 
thickness

(mm)

Time to end of powder pool 
(min)

Experimental Predicted

1.0 6.1 7.2
2.0 9.4 10.2
3.1 11.7 13.3
4.2 15.3 16.6
6.3 21.6 23.3
8.4 30.0 30.2

10.5 37.2 37.0
21.0 101.0* 82.2

* - ended in cooling stage - actual time will be lower

Table 6.42 Comparison between predicted and experimental times 
for Sclair 8405 in 440x400mm steel cube at 270°C

Part wall 
thickness 

(mm)

Time to end of powder 
(min)

Time to 200°C internally 
(min)

Experiment Predicted Experiment Predicted

1.0 6.3 6.3 10.8 10.3
2.7 9.9 10.7 14.5 15.4
4.0 13.6 14.1 19.3 20.3
6.0 19.3 20.1 26.5 28.5
8.0 25.8 25.9 - 38.0
12.1 38.7 38.0 61.8

Table 6.42 Comparison between predicted and experimental times 
for RP246H in 330x300mm steel cube at 300°C

The corresponding curves are plotted in Figures 5.145 and 5.146.

For both cases the predicted results are slighlty high for wall 

thicknesses below 8mm. As thickness increases, the results coincide and 

then in the case of a 21mm part (in the larger 440x400mm steel mould)
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the predicted result is much lower. The experimental temperatures for

this test are plotted in Figure 5.147 against the predicted profiles. 

Very thick walls such as this will require very accurate thermal data to 

model accurately the temperature profiles through the polymer. The data 

used here compensates for the interfacial drop in temperature by using a 

standard set of equations, therefore, as the wall thickness grows away 

from the interface the actual polymer properties will dominate and the 

model loses accuracy. However, below 10 mm the model produces 

predictions within 8% of experiment.

6.7.4.2 Mould material

The effect of changing the mould material (and mould wall thickness) 

can be quite dramatic. As the experimental and simulation results show 

(Section 6.3.3.1) there is a dramatic extension of cycle times when a 

6.25mm aluminium mould is used in place of a 1.6mm steel mould. This 

thickness is commonly used in industry, and in certain cases greater 

thicknesses are used (8-10mm). A further set of predictions were 

produced for a range of part thicknesses in the aluminium mould and are 

plotted in Figure 5.148 for comparison against the values obtained for 

the steel mould. A further curve has also been evaluated for a copper 

mould of wall thickness 3.2mm (1/8") using the same heat transfer 

coefficients as for steel. (The viability of a copper mould is 

considerably reduced by the high cost of the material and its use in 

industry is not common.) The values are shown in Table 6.43.
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Part wall 
thickness

(mm)

Predicted time to end of powder pool 
(min)

Steel(1.6mm) Aluminum(6.2mm) Copper(3.2mm)

1.0 6.3 9.1 9.0
2.0 9.0 12.2 12.0
4.0 13.6 18.1 17.7
6.0 19.3 24.3 23.3
8.0 25.8 31.5 29.3

10.0 32.1 39.5 35.9
12.0 39.2 48.8 42.8
20.0 72.0 89.9 75.6

Table 6.43 Comparison between predicted and experimental times 
for Enichem RP246H in 330x300mm mould at 300°C

Figure 5.148 could be extended indefinitely to cover all possible 

thicknesses and mould materials (and then into other dimensions covering 

all variables). However, the three materials are compared at typical 

wall thicknesses, which are used primarily because of the differing 

strengths of the materials. From the curves it can be seen that the 

thicker aluminium is slowest whilst the thinner steel is fastest. The 

copper mould, although almost twice as thick as the steel mould is 

predicted to be only slightly slower than the steel mould. The superior 

thermal transfer properties of copper reduce the effects of the thicker 

mould wall (see Section 6.7.4.4). Using the same heat transfer 

coefficients for the copper mould produces an almost parallel curve to 

that of steel. The separation between the two is a factor of the mould 

thickness and material properties. Tests using a copper sided mould are 

planned for future work.
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6.7.4.3 Oven temperature

Oven temperature is very often used as the controlling mechanism for 

oven cycle time when the arms of a machine are fixed and the thickness 

or size of parts differ on each arm. By altering the oven temperature to 

suit parts on a particular arm, the cycle indexing time can remain 

constant for a varied selection of moulds and materials. The influence 

of changes in oven temperature on processing is normally determined 

through trial and error based initially on a knowledge of the part 

material and thickness.

Experimental tests in this study spanned a temperature range of 

270-330°C for polyethylene materials. The times to powder end and to an 

internal air temperature of 200°C are compared and Figure 5.149 for a 

2.7mm polyethylene part. YJith increasing oven temperature the time 

required for the powder pool to completely adhere to the mould falls in 

an almost linear fashion. The time for the internal air temperature to 

reach 200°C rises rapidly as the oven temperature falls, and would rise 

exponentially as the oven temperature approached 200°C. Lengthy oven 

cycles and the difficulty of consolidating the material mean that oven 

temperatures of 240°C or below are rarely used.

6.7.4.4 Mould wall thickness

Mould wall thickness will normally be either a standard sheet gauge for 

steel or set by the process used for casting. Alterations to these 

values will be dependent on the size of a part - larger pieces requiring 

heavier wall sections. The use of mould wall thickness to control cycle 

time is not common, although moulders will tend to use the thinnest 

section possible to ensure that minimum cycle times are achieved.
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However, in cases where a balance must be struck between several 

mouldings on the same arm of either (i) different materials or (ii) 

different wall thickness, the ability to select the mould wall thickness 

before production of the mould could be useful.

Figure 5.150 shows how the moulding times for a 2.7mm part are 

predicted to change with variations in mould wall thickness for steel 

and aluminium mould materials. The curve for the steel mould is much 

steeper than for the aluminium which means that small changes in 

thickness for the steel mould will have a greater effect on cycle times 

than for aluminium. On average across this range and for this part 

thickness a steel mould will have approximately the same cycle times as 

an aluminium mould 2.3 times as thick. There will be a practical lower 

limit, however, on the thickness of aluminium that can be used; too thin 

a mould will not have the strength to withstand the constant thermal 

cycling of repeated moulding.

6.7.4.5 ROTOSIM screens
The ROTOSIM program (PC version) is divided into a series of screens 

for input and selection of data. Figures 6.4 to 6.7 show (i) Main menu, 

(ii) Heating Parameters menu, (iii) Cooling Parameters menu and (iv) 

Costing menu. Each of the menus provides information for making a choice 

of input data. The costing menu allows the input of the works details to 

provide an estimate, from raw materials, overheads and cycle parameters 

of the works cost of a given part on a given machine.

Figure 6.8 shows the ouput screen displayed during calculation. This 

shows the predicted external and internal temperatures as they develop 

during the cycle. The build-up of the polymer wall and the corresponding
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reduction of material from the powder pool are also displayed.

6.7.5 Rapid equation form

By enclosing all parameters in an interlinked system (ie: the program), 

any combination of settings can be chosen, so providing the operator 

with great flexibility. However, in cases where the wall thicknesses are 

high and the oven temperatures low, the long computation times involved 

are not desirable. Another approach is possible which can reduce the 

solution for certain results to a single equation. By using the power of 

a mainframe computer to generate a large number of solutions relatively 

quickly, a map of data can be assembled for a selection of parameters 

over a range of settings. This can then be used to provide a 'quick 

solution' equation by using an interpolative software package called 

Instat. This relates a defined set of the major variables according to 

the multi-dimensional data-map provided by the mainframe solutions in an 

equation of the form:

Y = A1 + A2X1 + A3X3 + A4X4 + A5X5 + A6X6 ........

where y is the solution

A ,A^ etc are constants

etc are parameter settings

This method will only be useful for results consisting of a single 

solution. The time to pool end and the time to a specified internal air 

temperature are ideally suited. Results such as temperature profiles and 

polymer distribution which require an accumulation of data during the 

process cannot be dealt with in this rapid form of equation.
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Another important use for this method is in establishing the relative 

importance of each variable on overall cycles. The magnitude of the 

constants associated with the parameters gives an indication of the 

importance of each, although care must be taken to include the magnitude 

of the parameter itself when assessing the relative influence.

The assembly of the many data points required for this analysis 

requires much computing time so that only an initial assessment as been 

performed [155], Future runs of the mainframe software are planned.

6.8 Control system
The need for control has been a major drawback in the development of 

the rotational moulding process. A trial and error approach has 
dominated in the industry and this has contributed to a generally poor 

image for the process. This has meant that rotational moulding has often 

been over-looked as an alternative by designers and producers alike so 

that general development of the process has been relatively slow. True 

control which can account for rapid changes in variables, maintain 

quality and thus improve the image of the process is required.

By using the results of this work, such a means of control is now 

possible. An understanding of the delicate balance in temperature 

between the polymer and the enclosed air volume presents clear control 

points suitable for monitoring both production and quality.

6.8.1 Potential Benefits
The benefits of being able to have real-time monitoring of events 

inside the mould include:

(i) faster set-up of new mouldings.
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Tills use of ROTOLOG allows a new part and its processing cycle to be

assessed first time and provides accurate information on precisely what 

is happening during a cycle.

(ii) allowance for processing vagaries.

Changes during production can occur; oven doors may be open slightly 

longer so that the oven recovery time is extended; the operator may 

weigh out the shot weight incorrectly; slight changes in material 

properties may occur from one batch to another. By having real time data 

which assesses actual happenings within the mould any inconsistency is 

removed, hence improving part quality.

(iii) balancing of moulds.

In situations where multiple moulds of different shape, size or wall 

thickness are to be run on the same arm, balancing of the processing 

parameters would be greatly simplified by being able to examine 

simultaneously the state of each moulding during a cycle.

(iv) optimum part properties.

As applications become more and more demanding, the utilisation of the 

full potential of a material properties' becomes more important. A 

part's properties are directly affected by its thermal history. These 

have been shown to be related to the level achieved by the internal air 

temperature - in rotational moulding the internal surface properties 

have a major effect on overall part properties.

These temperature levels can be established by a programme of either 

cold temperature impact or MFI testing and can then be used to gain a 

knowledge of the likely level of properties to be found in a part and 

help to achieve consistency in properties from one part to another.
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(v) cooling control for anti-warpage.

Pates of cooling are also very important with regards to final part 

properties. Crystallinity levels and warpage can be adversely affected 

by excessive rates of cooling. The internal temperature profile allows 

the rate of cooling to be monitored and the point at which the part has 

fully crystallised to be seen.

(vi) consistent demoulding point.

The point at which the mould is opened can be determined for ease of 

handling or for post-moulding jigging.

6.8.2 System development

Collection of the data in real-time, ie: as it happens inside the 

mould, is imperative for true control. The moulding information 

presented here has in general been collected after the cycle is complete 

so that parameters could only be assessed for the next cycle. To obtain 

the information during a cycle the following development has taken 

place.

(1) Slip-rings.

Slip-rings were added to the machine so that a signal could be passed 

out from inside the oven along the arm of the machine across the two 

rotating axes. These were cumbersome, having to be added externally, and 

were approximately 200mm in diameter. Problems such as oxidation of the 

ring surface, maintaining good electrical contact at the brushes and 

differential temperatures between the rings inside the oven and those 

outside meant that maintaining and balancing such a system would be 

difficult. Also, as the thermocouple readings required amplification 

prior to transmission across the slip-rings, this did not remove the
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need for an electronic system (and the necessary insulation) within the

oven.

(2) Single tone generator.

For ease of use a two component system was necessary. Using radio 

frequency transmission a remote device was conceived which would travel 

in the oven in a similar fashion to the STOR datalogger but which would 

transmit real-time data.

Thus, a circuit was built which could amplify a thermocouple signal, 

compare it with a calibrated voltage which corresponded to a known 

temperature and transmit a signal to a remote receiving unit. This was 

then encased in an insulated box and placed on the arm of the machine 

with the mould. The thermocouple was placed inside the mould and 

connected to the circuit.

When, during a cycle, the temperature inside the mould reached a 

particular point (usually 125°C at the end of the powder pool) the 

circuit emitted a continuous tone which was picked up by the receiver 

outside the oven. This idea had potential using simple marker tone for 

heating and another for when the part reached a particular cooling 

temperature. However, it was decided to take this a stage further.

(3) Two channel system.

To receive continuous data the electronics were extended to modulate 

the amplified thermocouple voltage and encode it so that it could be 

transmitted every 2 seconds. A further channel was added which would 

monitor the temperature of the electronics to ensure that they were 

within a safe operating range.

During operation this unit transmitted data to a receiving unit which 

was connected to a computer via an A/D card. Specially written software

376



allowed this data to be plotted as it was received and analysed 

afterwards.

This was tested successfully on the Caccia machine but highlighted some 

difficulties in transmission through the oven boundary and also in the 

design of the insulated box.

(4) Four channel system.

This effectively is a five channel system with one channel used as a 

"self-check" circuit temperature monitor. This now allows four moulds or 

four positions on a single mould to be monitored simultaneously. The 

circuit contains a much more sophisticated encoding mechanism and 

transmission unit so that the RF link between transmitter and receiver 

is much superior to the two channel system.

The software associated with this unit provides analysis facilities 

during data transmission so that the important features of the curves 

can be examined as they occur.

6.8.3 Insulation

The electronics are enclosed within an insulation housing to protect 

them from the effects of temperature within the oven. This is one 

critical feature of the system which is currently being up-graded.

Tests on the current model show that the temperature rise for the 

electronics can be restricted to approximately 10°C after 30minutes in 

an oven at 300°C.

6.8.4 Field trials

Trials were initially conducted using the Caccia oven. These tested the 

signal strength and accuracy of the transmissions received outside the
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oven. Once the circuitry and receiving equipment were tuned and the 

software written to manipulate the data, tests were performed at a local 

company on full scale industrial machinery during production.

These trials were very successful, working in a more electrically noisy 

environment than they were developed in, and with a minimal disruption 

to production. Measurements taken were used to:

(i) Examine the internal temperature profiles for existing products 

under cycles which had been established from trial and error. 

These confirmed the findings of the tests here at the University 

and correlated well with the internal temperatures corresponding 

to maximum impact. The moulder had established oven times which 

stopped just short of producing a degraded smell in the part. At 

this point the internal temperature, for two separate parts, 

reached a maximum of 190°C (RP246H MDPE).

(ii) Examine the temperature profiles across the oven environment 

which the moulds passed through during rotation.

Large differences (due to scale) were found between the 2m cube 

Caccia oven and the industrial 5m cube oven. The moulds were very 

much larger and travelled on correspondingly larger paths through 

space. This meant that the passage from cool spots in the oven to 

points close to the burner inlet, produced very dramatic 

oscillations in temperature of up to 50°C. The position of the 

controlling thermocouple for the oven temperature was critical in 

determining the dynamic response of the oven to the opening and 

closing of the oven doors and of maintaining the oven temperature 

during a cycle.
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(ill) compare the relative efficiencies of several machines for both 

heating and cooling

The cooling of parts is most often performed in a closed cooling 

station. Measurements taken showed that the temperature inside 

the cooling bay actually rose by approximately 20°C when the 

mould entered. By leaving the doors open during forced air 

cooling, thus ensuring a circulating draught to supply fresh 

cooling air, would mean an improved efficiency for the cooling 

cycle.

For these tests, the insulation vessel was boosted to ensure that early 

failure of the electronics did not occur. This performed extremely well, 

particularly in view of the fact that for the larger scale machines, the 

actual temperatures inside the oven tended to be lower than the set 

point temperatures shown on the machine control panel. Since the 

insulation had been designed to withstand actual temperatures 

corresponding to the machine settings, the safety margin was even 

greater than expected. The insulation maintained the temperature of the 

electronics below 50°C after two consecutive cycles of 30min heating at 

270°C and 30min cooling. This was a prototype version which will be 

greatly improved by the use of superior and heavier materials in the 

final vessel.

6.8.5 Output

Figures 6.9 to 6.11 show the various screens which form the R0T0L0G 

software. The main menu (Figure 6.9) allows the user to set the test 

data for the moulding (Figure 6.10), begin a test and record the 

incoming data (Figure 6.11), save data or recall old data for
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examination. During the collection of the data the software allows the

user to take one curve and enlarge it to the full screen size for more 

detail whilst maintaining recording on all channels. The axes can be 

adjusted to allow for zooming in on parts of the curves and the enlarged 

curve can be smoothed during recording to eliminate noise.
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Fig. 6.4 Main menu screen from ROTOSIM
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Fig. 6.5 Heating parameters menu from ROTOSIM



Fig. 6.6 Cooling parameters menu from ROTOSIM
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Fig. 6.7 Costing parameters menu from ROTOSIM
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Fig. 6.8 Output screen during calculation from ROTOSIM



ROTATIONAL MOULDING DIAGNOSTIC SYSTEM

MAIN MENU

I. INTRODUCTION

1. INITIALISE TEST DATA

2. START RECORDING

3. EXAMINE DATA

4. FILE STORAGE/RETRIEVAL

5. EXIT

TEMS Ltd

Fig. 6.9 Main menu from ROTOLOG
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Fig. 6.10 Test information screen from ROTOLOG
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ROTATIONAL MOULDING DIAGNOSTIC SYSTEM

Fig. 6.11 Data capture screen from ROTOLOG
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CONCLUSIONS



7.0 conclusions

As a result of the research carried out in this thesis, the following 

conclusions may be drawn:

1. The temperature profile of the enclosed volume of air within a mould 

takes a characteristic form during moulding. This has been shown to 

be consistent for all standard rotational moulding materials, even 

for amorphous materials.

2. The end of the first plateau on the internal air temperature profile 

corresponds with the complete adherence of the free powder to the 

mould wall. This has been shown to be at a constant temperature for 

a particular material irrespective of mould material, part 

thickness or oven temperature.

3. Low temperature impact strength of rotationally moulded parts is 

sensitive to the duration of the heating period. Impact strength 

increases as oven time increases b\it it reaches a maximum as 

excessive heating causes the material to degrade.

4. The fall in low temperature impact strength after the maximum is due 

mainly to the formation of a brittle waxy layer of degraded material 

at the inner surface of the part. This layer acts as a crack 

initiation zone. This effect may be detected by measuring the MFI of 

the internal surface. The MFI falls to zero as the degree of 

degradation and cross-linking in the material increases.
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5. The point at which this waxy surface occurs is dependent on oven 

temperature, mould material and thickness and part material and 

thickness. However, measurements show that the internal temperature 

of the enclosed air reaches a maximum of between 200 and 220°C at 

the point of maximum strength (for RP246H material); this occurs 

shortly after the formation of the brittle inner surface.

6. During moulding there is a natural separation of the powder 

particles according to size. Smaller particles adhere to the mould 

first, leaving the largest particles at the inner surface. This 

separation is due to a natural sieving effect of the powder flow and 

because small particles will adhere to a hot surface at a lower 

temperature than larger particles.

7. The ROTOSIM computer model has been found to provide very accurate 

predictions of the processing parameters for the range of 

materials in both the steel and aluminium moulds used in this work. 

At present data for the oven is specific so that further expansion 

of the model will require characterisation of machines other than 

the CACCIA rotational moulding machine used in this work.

8. The contact time distribution between the powder and mould can never 

be perfectly uniform because of polarising motion and a diminishing 

track of powder.

9. The computer model shows that, by including an allowance for heat 

transfer, the distribution of polymer at the end of the process
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becomes more uniform. This is mainly due to the insulating effect of

the material as it builds up preferentially in the mould. Heat 

transfer in the areas covered by polymer decreases so that other 

areas start to build up in thickness.

10. It is proposed that the interaction of the powder pool and the 

internal volume of air is a major contributor in the achievment of 

the balance in air temperature which occurs during the adherence of 

powder to the mould. This balance is also aided by latent heat of 

fusion, but not wholly dependent as shown by amorphous 

polycarbonate.

11. The computer model can be used to predict the effects of variable 

changes such as part wall thickness.

12. Signals can be transmitted from within the oven to an external 

computer to obtain information on the state of a moulding in real 

time. This is the basis of a diagnostic system which allows true 

process control of rotational moulding for the first time. The 

signals can be used as a guide to setting up new moulds or for 

obtaining an indication of the potential properties of a part.
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3.0 Future work

Several aspects of this work are to be continued in a further project - 

these include:

1. Extending the computer simulation to more complex mould shapes. This 

will use wire mesh modelling to allow real rotation of the shape 

for visual analysis of three dimensional motion.

2. Improvements to the interfacial analysis between polymer and hot 

metal surface.

3. General improvements to the simulation software and characterisation 

of more industrial machinery.

4. Improving the characterisation of new materials and extending this 

to cover more of the available types.

5. Development of the control system to ensure that its operating 

ability and data processing are useful to moulders and developers in 

general.

6. Permanent cooling for a device which would be used for quality 

(statistical) control and accurate monitoring of machine perfomance 

on a continual basis.
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Appendix A

Transformation of ellipsoidal equations in three dimensions:

An ellipsoidal mould surface may be described by the following 

equation:

x2/a2 + YVb2 + zVc2 = 1 (A.l)

where x,y,z are body centred co-ordinates

a,b,c are the maximum intersection of the surface along each axis 

In polar co-ordinates, a point in space may be defined by it's distance 

R from a central point of rotation, a rotation wx about the x axis and a 

rotation wz about the z axis :

x = R sin(wx) cos(wz)

y = R sin(wx) sin(wz) (A.2)

z = R cos(wx)

substituting into equation (A.l) gives,

a2 b2 c2
R2 = --------------------------------------------------------

[ b2c2sin2(wx)cos2(wz) + a2c2sin2(wx)sin2(wz) + a2b2cos2(wx) ]
(A. 3)

this describes an ellipsoidal surface in polar co-ordinates about it’s
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own centre. This may be mapped to general co-ordinates by the following

3-D transformation.

The order of rotation is defined as wz, about the plate axis, followed 

by wx, about the arm axis.

1 0 0 0 cos(wz) -sin(wz) 0
“

0

0 cos(wx) -sin(wx) 0 sin(wz) cos(wz) 0 0

0 sin(wx) cos(wx) 0 0 0 1 0

0 0 0 1 0 0 0 1

multiplying these 

r

produces the transformation cosine matrix

■■

A

cos(wz) 

sin(wz) 

0 

0

-sin(wz)cos(wx) 

cos(wz)cos(wx) 

sin(wx)

0

sin(wz)sin(wx) 

-cos(wz)sin(wx) 

cos(wx)

0

0

0

0
1

(A.3)

The fourth row and column refer to translational motion.

Figure A.l shows the body centre co-ordinates in relation to the fixed 

general co-ordinates. The transformation between them is achieved by:

■
X

'
X XC

Y = Afc Y + YC

Z z ZC
_ .

where A is the transpose of matrix A

X,Y,Z are general space co-ordinates

;a.4)
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are body centred cordinates

XC.YC,ZC are tbe co-ordinates of the body centre in general 

co-ordinates

thus,

r ' ■
V
J1 cos(wz) sin(wz) 0 X XC

Y = -sin(wz)cos(wx) cos(wz)cos(wx) sin(wx) Y + YC

Z sin(wz)sin(wx) -cos(wz)sin(wx) cos(wx) z ZC

(A.5)

Ignoring the translational motion for a moment (XC,YC,ZC = 0), the

ellipsoidal equations describing the mould surface may be rotated

" r
X X

Y = A Y

z Z
_ _

where A is the direction cosines matrix above

This may be expanded and substituted into the ellipsoid equation to 

produce:

[ cos2(wz)X2 - sin(wz)cos(wz)cos(wx)XY + cos(wz)sin(wz)sin(wx)XZ

- sin(wz)cos(wz)cos(wx)XY + sin2(wz)cos2(wx)Y2

- sin2(wz)cos(wx)sin(wx)YZ + sin(wz)sin(wx)cos(wz)XZ

- sin2(wz)cos(wx(sin(wx)YZ + sin2(wz)sin2(wx)Z2] /a2
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+ [ sin2(wz)X2 + sin(wz)cos(wz)cos(wx)XY - sin(wz)cos(wz)sin(wx)XZ 

+ sin(wz)cos(wz)cos(wx)XY + cos2(wz)cos2(wx)Y2

- cos2(wz)cos(wx)sin(wx)YZ - cos(wz)sin(wz)sin(wx)XZ

- cos2(wz)cos(wx)sin(wx)YZ + cos2(wz)sin2(wx)Z2] /b2

+ [ sin2(wxY2 + 2sin(wx)cos(wx)YZ + cos2(wx)Z2 ] /c2

= 1 (A.6)

(as a test case the equation reduces to X2 + Y2 + Z2 = 1 for a = b = c 

= 1, ie rotation of a sphere about it's centre)

grouping all like terms,

X2 [ cos2(wz)/a2 + sin2(wz)/b2 ] +

XY [ -2sin(wz)cos(wz)cos(wx)/a2 + 2sin(wz)cos(wz)cos(wx)/b2 ] +

XZ [ 2sin(wz)cos(wz)sin(wx)/a2 - 2sin(wz)cos(wz)sin(wx)/b2 ] +

Y2 [ sin2(wz)cos2(wx)/a2 + cos2(wz)cos2(wx)/b2 sin2(wx)/c2 ] +

YZ [ -2sin2(wz)sin(wx)cos(wx)/a2 - 2cos2(wz)sin(wx)cos(wx)/b2 +

2sin(wx)cos(wx)/c2 ] +

Z2 [ sin2(wz)sin2(wx)/a2 + cos2(wz)sin2(wx)/b2 + cos2(wx)/c2 ]

= 1 (A.7)

This can be written as,

k X2 + k XY + k XZ + k Y2 + kcYZ + kcZ2 = 1 (A.8)1 2 o 4 b b
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where refer to the groups of terms in equation (A.l).

This is the transformed ellipsoidal equation for any given angles of 

rotation wx and wz about the x and z axes about body centre. To include 

the movement of the body as a whole requires a rotating vector to 

describe the motion of the body centre.

For a body initially centred at XR and ZR in the Y=0 plane, motion due 

to rotations about the x and z axes will be described by,

X = XR cos(wz)

Y = XR sin(wz)cos(wx) - ZR sin(wx)

Z = - XR sin(wx)sin(wz) - ZR cos(wx) (A.9)

These equations track the centre of the mould. The equation for the 

mould shape is then rotated and translated to this point according to 

the relative angular displacements.
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Body centred co-ords

z

General eo—ords

Fig. A. 1 Body centred co-ordinates relative to 
fixed general system co-ordinates



Appendix B

Position of horizontal powder pool within a rotated ellipsoidal mould:

For a given volume of powder, assumed to lie with a horizontal upper

free surface, a plane, P, can be determined which describes it's

position relative to the lowest point of a containing ellipsoidal mould

for any orientation and shape (figure B.l).

To do this requires that the lowest point of the shape is found for any

orientation, wx,wz, and then an integration of the volume of the

ellipsoid from this point to a plane which coincides with the volume of

powder. The integration is performed across successive 'slices' in the

XY plane between the lowest point, h, and the upper plane P from X .mm

to X {see figure B.2): max

Volume

P ^-X 
f max

(Y2 - y1) dx dz

h X . mm

(B.l)

Minimum Z point on ellipsoid:

From equation (A.8)

k.X2 + k_XY + k_XZ + k„Y2 + kcYZ + k^Z2 = 1 1 z J 4 d o

differenciating implicitly with respect to X produces.
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0 (B. 2)2V + k2Y + k3Z +
az dZ dZ
— + kcY — + 2k,Z —
•dX 5 dX 6 dX

rearranging

dZ ~2kiY " V " k3Z

dX k^X + k_Y + 2krZ
3 b b

and diffenciating implicitly with respect to Y gives.

(B.3)

az -2k,Y - k_Y - k_,Z4 2 3— = --------- -------- (B. 4)
dX k_X + krY + 2krZ3 b b

for a minimum value of Z on the ellipsoidal surface the two derivatives 
must be zero:

dZ dZ

dX dY
(B.5)

therefore.

■2klY ” V " k3Z = "2k4Y ■ k2Y ' k3Z = ° (B.6)

rearranging.

X = (-V - k3Z)/2k1 (B.7)

substituting this back into the R.H.S. of equation (B.6) and rearranging 

for Y in terms of Z gives.

Y = Z (k2k3 - 2k1k5)/(4k1k4 - k22) (B.8)

and substituting into equation (B.7) to give X in terms of Z,
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Z (2k k k - k(Tk )X = — ( 1 2~^----^ - k_ ) (B.9)
2k1 (4k1k4 - k/)

X and Y can now be described in terms of Z, so that substituting back 

into equation (A.8) and letting

(2klk2k5 ' k2k3)
(4kik4 - k22)

(B.10)

B = (k2k3 - 2k;,k5)/(4k1k4 k22) (B.11)

30 that X - AZ and Y = BZ, then.

k.Z2A2 + k Z2AB + k^Z2A + k.Z^B2 + kcZ2B + k^Z2 = 1 1 2 3 4 5 6

and finally

( k A2 + k AB + k_A + k B2 + kcB + K) 1 z o 4 b b
-0.5 (B.12)

the negative root corresponds to h, the minimum value of Z.

Horizontal XY-plane equation for first integral:

The functions Y^ and Y^ in equation (B.l) correspond to the upper and 

lower limits of the area equation for each 'elliptic slice ' of constant 

Z-plane in the volume integration (this could also be described in terms
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of X boundaries). So from equation (A.8), assuming that Z remains 

constant so that Y varies with X, produces an equation of the form,

AY2 + BY + C = 0

k.Y2 + (k^X + k_Z)Y + (knX2 +k^XZ + krZ2 - 1) =0 (B.13)4 zb lib

solving for Y then gives.

Y = -(k?X + k5Z)/2k4 ± /((k7X + k^Z)2 - 4k4(k1X2 + k3XZ k^Z2 -1))

2k,
(B.14)

Y. = -(k^X + k^Z)/2k, - /((k X + k„Z)2 - 4k,(k1X2 + k,XZ krZ2 -1))1 2 5 4 2_____ _________4 1______ 3_____ 6_____
2k4

Y = -(k X + k Z)/2k + /((k X + kcZ)2 - 4k„(k1X2 + k.XZ k,Z2 -1))2 2 5 4 2 5 ______ 4 1______ 3_____ 6_____
2k4

Y^ and Y7 can then be used in equation (A.10)

/-? x X
Volume = max

h X
(Y2 - Y1) dX dZ (B.l)

mm

between the upper and lower limits X and X . .max mm

Finding max/min X in terms of Z:

Figure (B.2) shows the upper and lower limits of the Y integrals for a 

typical slice through the ellipsoid. At these points the derivative of 

the curve equation will equal zero. Equation (A.8) may be implicitly 

differenciated with respect to Y for a variable X in a constant Z plane
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give an expression for the gradient of the curve:

dX dX dX
2k X — + knX + k Y — + 2k,Y + kcZ + k_Z — =01 dY " 2 dY 4 " 3 dY

rearranging,

dX ("2k4Y + k2x + ksz)

dY (Zk^X + k2Y + k5Z)

for X and X . dX>nax mm _ _ ^
dY

-2k,Y - k_X - kcZ = 0 4 2 5

Y = (-k2X - k5Z)/2k4

substituting this back into equation (A.8)

k,X2 + k2X(-k2X - k5Z)/2k4 + k3XZ + k4((k2X + k5Z)/2k4)2

+ k5Z(-k?X + k5Z)/2k4 + k^Z2 =

and rearranging to give.

A' X2 + B' X + C = 0

where

A' = k4 - (k22/4k4)

B' = k3Z - (k2k5/2k4)Z

(B.15)

(B.16)
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(B.17)C' - Z2(k6 - (k52/4k4)) - 1

solving for X produces.

X = -B'/2A , ± / (S' 2 - 4A'C)/2A'

and

X = -B’/2A' + / (B'2 - 4A'C')/2A'max

X . = -B72A’ - / (B’2 - 4A’C’)/2A
mm (B.18)

All equations necessary to solve the final integral are now available.

Final Volume Integration.

From before

Volume
rP 
^ h

^XmaxV
^ X . mm

=f(Z)
(Y,(X)

=f(Z) "
- Y (X)) dx dZa. (B.l)

This can now be integrated by substituting for and ^2 cancelling

the first terms.

1 p
Volume = — x

k„ ^ h 4

maf (k2X2 + 2k2k5XZ + k52Z2)/4k42
- ;k X2 + k XZ + k Z2 -l)/k.)°'5 
lob 4 dX dZ 

(B.19)

416



rearranging,

Volume X2(k22 - 4k^k4) + XZ(2k2k5 - 4k3k4)
+ (k5Z2 - 4k4k&Z2 + k4) )0'5 ax az

ana letting

A = 4k! k4 - k22 
B = Z(2k2k5 - 4k3k4)
C = Z2(k52 - 4k4k6) + k4

and by expanaing the square term unaer the square root, the first 

integral can be carrieb out on.

-AX2 + BX + C = A [ (C/A + B2/4A2) - (X-B/2A)2 ]

ana also letting.

[a2 - u2]

(B.20)

D = Z(2k0k5 - 4k3k4)/(4k1k4 ~ k22) = B/A 
E = (Z2(k52 - 4k4k&) + 4k4)/(4k1k4 - k22) = C/A (B.21)

therefore.

[ -AX2 + BX + C]°‘5 = A°’5[ (E + D2/4) - (X - /2)2 ]°‘5 (B.22)

ana for a stanaara integral of this form.
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a u X - D/2- (E + D2/4)°‘5

du = dX

[ a2 - u2]0-5 = u(a2 - u2)/2 + a2sin '''(u/a)/2 (B.23)

A°'5[ (E + D2/4) - (X - D/2)2]0’5 = A°’5 (X/2 - D/4)(-X2 + DX + E)0'5

Xmax
+ (E/2 + D2/8)sin_'L[ (X - D2/2)/(E + D2/4)°'5 ] dZ (B.24)

X . mm

re-defining

D = (2k2k5 - 4k3k4)/(8k1k/i - k22)

E = (k52 - 4k4k&)/(4k1k4 - k22)

and

F = 4k4/(4k1k4 - k22) (B.25)

rearranging to give the second integral.

2k, Volume 4____
<4klk4 - V)°-5

/ 0 5(X - ZD){-X2 + 2ZXD +Z2E + F) ’
J h

+ (Z2(E + D2)+F)sin
r (X -ZD)
- Z2(E + D2) + F)°’5

XmaxdZ
X . mm

(B.26)

This integral is not directly soluble. A simple numerical integration

was chosen to solve it. To do this the equation was substituted with

X and X . to give the function in Z, max mm
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f(Z) = (Xmax - ZD)(-X2 + 2ZDXmax max
+ Z2E + F)0'5

(Z2(E + D2) + FJsin'1! (X . - ZD)/(Z2(E + D2) + F)°'5

(B.27)

This function gives the area of any slice of rotated ellipsoid in the

X-Y plane between the upper and lower limits of X and X . ( at amax mmmax
constant Z value).

To evaluate the volume to any given plane from the base of the 

ellipsoid requires a summation of the function between Z(h) and Z(P) 

where Z(P) is defined as the surface of the powder pool.

Numerical integration - Simpsons Rule:

Simpsons rule with a very small step size was used iteratively to 

calculate the volume vertically from the base. A step of 2mm (for 

typical mould dimensions in the range 200 - 2000 mm in length) gave 

reasonable convergence and accuracy.

The rule is based on the following equation ( after derivation and 

rearranging)
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S - ' dZ/3) [ Y0 + 4Yl + 2y2 + 4y3 + 2y4

+ 4Y(2n-2) + 2Y(2n-l) + Y(2n) ^

it is taken in steps of two for ease of addition and ignores y^, which 

is extremely small in comparison to a many step summation, the last 

value y^^ is added singly and the total compared to the left hand side 

of the integral (B.26).

The value of Z which coincides most closely with this value is taken as 

the depth of the pool.

Comparisons were made for a spherical shape, for which the exact 

solution is known, with good results.
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Ellipsoidal mould

Powder

Fig. B.l Powder pool position 
within ellipsoidal mould



Xmin

Lower 
Y equation

Upper Y equation

Xmax

Fig. B.2 Horizontal section of ellipsoid showing 
Xmax and Xmin for integration limits


