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Abstract 

In the present work, sintering and densification of fibrous composite structures produced by rotational moulding were investigated. Lack of 
pressurisation during the process of rotational moulding implies an absence of driving forces to strongly bond two materials together as necessary 
in composite structures. This means that sintering and densification are the fundamental phases in which two or more materials can create an 
interface together by which stresses can be transmitted. The sintering study comprised of a novel single-particle interaction test that was developed 
to study the dynamical interaction between an ideal single polymer particle and a glass fibre bundle. Results showed that, although compatibiliser, 
as well as particle morphology, have an effect on fibre-particle bonding characteristics at a mesoscale, fibre sizing was shown to be the most 
significant parameter that affects polymer-fibre compatibility the most. The densification investigation studied the void and bubble formation 
and disappearance during the rotational moulding cycle as these defects have a detrimental effect on the mechanical performance of rotomoulded 
composite structures. The results verified previous researchers’ conclusions that particle size, heating rate and peak temperature are the most 
fundamental parameters to control bubble size and bubble density. Images captured during densification show how formation and evolution of 
air trapped in bubbles can be controlled by particle size or processing temperature. Finally, work is ongoing to present conclusions as to what 
resin properties should be more suitable for the rotational moulding of fibrous composite structures. 
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1. Introduction 

New and exciting technologies for manufacturing composite 
materials are emerging to meet the high requirements of the 
automotive and aerospace industry standards. Despite being 
innovative technologies, the high costs of producing such parts 
have already begun to affect the market. The production costs 
of large composite structures is an evident drawback that can be 
overcome by using alternative technologies such as rotational 
moulding [1]. Rotational moulding is a manufacturing process 
in which hollow plastic articles can be easily manufactured at a 
relatively low cost. Although materials in this process have 

been traditionally limited (~85% Polyethylene PE, ~10% 
Polypropylene PP and ~5% others) [1], rotational moulding has 
already produced, for example, up to 280 ducts parts for Boeing 
777 [2]. Therefore, the use of new materials and composites are 
of great interest in the rotational moulding industry.  

Material combinations used in rotational moulding are 
typically constructed of multi-layer or foamed polymeric 
structures[3], [4]. Different polymer layers are added to the 
mould at different stages to form hybrid parts. Fibrous 
composite structures have the potential to improve the part 
performance through the increase of strength-to-weight-
ratio[5], [6]. Due to limitations in the current technology 
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available for moulders, it is necessary to develop new methods 
of incorporating fibrous composite structures within the 
rotational moulding process. 

1.1. Sintering 

Sintering is the fundamental process by which polymeric 
particles can fuse and stick to form a part [7]. It is usually 
defined as the formation of a homogeneous melt from the 
coalescence of solid particles under the action of surface 
tension [8]. When melted, two particles in contact tend to 
merge to reduce their total free surface. Although the sintering 
process has traditionally been studied for ceramic materials and 
metals, the first analytical model of the polymer sintering is 
widely attributed to Frenkel (1945) [8]. Further research 
conducted developed Frenkel's model and have demonstrated 
how fundamental the sintering process is for part formation in 
rotational moulding [8]–[14]. 

Nonetheless, there is little understanding as to how this 
process occurs when a fibrous reinforcement is present and 
interferes in the sintering process [5], [15], [16], and there is no 
evidence of any attempt to optimise composite formation in 
rotational moulding by improving fibre-particle adhesion. The 
most important achievement in implementing fibre 
reinforcements successfully into the process is dated from 2013 
[16] when W. C. Chang successfully rotomoulded a multilayer 
glass fibre (GF) reinforced structure. During that research, the 
use of silane sized glass fibre in combination with maleic 
anhydride grafted polyethylene (MAH-g-PE) showed the best 
results in the final part. To better understand how organosilane 
sizing and maleic anhydride compatibilisers affect the 
interaction of glass fibre and PE, a novel particle fibre 
interaction test (FPIT - Fig. 2) has been developed. 

1.2. Densification 

Densification is the subsequent process in which air trapped 
in cavities diffuses towards the polymer melt and, ultimately, 
leaves the structure increasing the density and consolidating a 
part. This stage in the process is directly dependant on sintering 
as shown by Crawford [1], [17]–[21] and can be optimised to 
reduce the number and size of bubbles present in the melt. 
Voids are the most studied type of manufacturing defects and 
are formed very often in the processing of fibre-reinforced 
composites [22]–[24]. Determination of optimum fibre and 
resin is fundamental as densification depends on how the 
polymer sinters over the fibres to consolidate the part. The 
study of void and bubble development can determine final 
composite strength and can be studied by imaging bubble 
appearance and dissolution against time. In the present work, a 
digital camera is used to capture the densification phenomenon 
and advance image analysis is used to segment and designate 
voids as regions of interest to quantify and optimise the 
densification process. 

1.3. Objectives 

This project aims to develop a hybrid manufacturing process 
to effectively create the optimum composite structure in 

rotational moulding. Specifically, this work is focused 
fundamentally in determining how combinations of silane sized 
GF fibres and MAH-g-PE can successfully bond together 
during the sintering process, to create a consolidated composite 
part. 

2. Experimental 

2.1. Materials 

Metallocene polyethylene mPE M3583UV and mPE 
M4041UV by Total® Petrochemicals were used as the 
rotomould-grade of polyethylene. The anhydride-modified 
high-density polyethylene Fusabond® E265 by DuPont™ was 
used. Untreated glass fibres used were provided by McConnell 
Bros, which are 6mm. long and 12μm. average diameter. Silane 
treated glass fibre coded as 952 by OCV™ Reinforcements 
(Owens Corning®) was used, which are 4.5mm. long and 
13μm. average diameter. 

Table 1. Matrix materials summary. 

Name 
Density MFI Melting 

Point 
Tensile 
Strength 

Elongation 
at break 

[g/cm3] [g/10min] [°C] [MPa] [%] 

mPE 
M3583UV 0.935 6.0 123 18 >700 

mPE 
M4041UV 0.940 4.0 126 21 800 

Fusabond® 
E265 0.950 12.0 131 - - 

Table 2. Fibre materials summary. 

Name Glass 
type 

Ave. 
Diameter 

Fibre 
Length Sizing 

[μm] [mm] 

McConnell Bros 
Untreated GF 

E-
glass 12 6 Untreated 

OCV™ 
Reinforcements 952 

E-
glass 13 4.5 Silane 

2.2. Equipment 

For the FPIT, the main components of the equipment used 
were a platen press for sample preparation, a compound 
microscope for image acquisition, and an image processing 
software for image analysis. The platen press used was a 
COLLIN P200P machine. A small squared mould was kindly 
supplied by The Queen’s University of Belfast to use in 
combination with the platen press. Likewise, a standard set of 
blades was used to section samples from the polymer plate to 
replicate a polymeric particle.  

Furthermore, a Nikon Eclipse ME600 microscope with 
diascopic/episcopic illumination was used. A Nikon Digital 
Sight DS-5M digital camera was used to acquire the images 
from the microscope. A PS1-Stage Mic 10mm/0.1mm 
standardised calibration scale by Graticules Pyser-SGI LTD 
was used to achieve a traceable pixel-to-length measurement. 
To accurately control the heating process, a programmable 
THMS 600 hot plate by Linkam Scientific Instruments was 
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used. Finally, Java-based image processing software named 
ImageJ developed at the National Institutes of Health and the 
Laboratory for Optical and Computational Instrumentation was 
used. 

For the Densification test, polymer powder was sieved using 
a Retsch AS200 Sieve Shaker in three different levels: 
unsieved, fine (90-105 μm)  and coarse (500-600 μm)  particle 
size. A similar system used by previous researchers was chosen 
[25], [26]. This system comprised of a digital camera, mounted 
in a table over a hot plate and connected to a PC. The camera 
system comprised of a Sony XCD-SX900 monochromatic 
digital camera and an AF Micro-Nikkor 60mm f/2.8D lens. 
Optimum illumination was achieved using a Universal Ø33-
81mm Ringlight using a CL-LS LED Light Source both by 
SCHOTT®. The same PS1-Stage Mic 10mm/0.1mm 
standardised calibration scale by Graticules Pyser-SGI LTD 
was used in this experiment. ∅70mm. aluminium sample dishes 
were used to place the polymer powder. The group was 
mounted in a KAISER RS1 stand and the hot plate used was an 
ATV TECHNOLOGIE GmbH Type HT 122 S/N 159. Images 
were acquired using a modification of Visilog 6.6 developed 
by TOTAL® Petrochemicals called TP-Picture®. Finally, 
MIPAR™ Image Analysis Software was used to process the 
images and to extract information from them. 

2.3. FPIT Procedure 

The FPIT experimental procedure consisted of three main 
parts: sample preparation, main test and image processing. 
During sample preparation, resins were prepared to simulate an 
ideal resin particle so that the interaction between the fibre 
bundle and resin was ideal. During preliminary tests, it was 
noticed that, although using particles straight ahead from the 
resin batch produced a more realistic illustration of the process, 
images obtained from this procedure were not suitable to 
extract quantitative information. Based on this, a 
200x200x1mm platen press mould was used to form a polymer 
plate. Approximately 35 grams of resin powder was placed in 
the mould and press up to 10 bar at 150 degrees (Tab. 3). This 
plate was cut, using a conventional blade. Small squares of 
approximately 1x1mm were sectioned from the main plate so 
that these would replicate a particle in contact to the fibre 
bundle. Preliminary tests demonstrated that by using a square-
shaped, the contact of the particle to the fibre bundle was 
successfully achieved 9 of 10 times. Fibre bundles did not 
receive any pre-treatment before the FPIT test under the 
microscope.  

 

Fig.  1 - Angle of contact measured (θm) in comparison to the typical angle of 
contact in tensiometry (θt).

Table  3. Platen press procedure to produce polymer plates. 

Stage Temperature (°C) Pressure (bar) Time (sec) 

1 40 0 5 

2 150 0 240 

3 150 5 60 

4 150 10 120 

5 70 0 600 

 
During the main tests, a calibration file was generated by 

placing the calibration tool in the microscope and taking a 
picture of the scale. Using the X5 microscope lens and 
episcopic illumination, adjusts were made to obtain a sharp 
image. After calibration, the couple fibre-particle were placed 
in a microscope slide over the controlled hot plate. The imaging 
acquisition software was then set up to capture one image every 
5 seconds. Finally, the microscope hot plate is configured as 
shown in Tab. 4, following previous experiments to determine 
the optimum hot plate temperature to replicate the mould wall. 
The test starts by initiating stage one from the hot plates’ 
program. Once stage two is reached, the temperature is held so 
that the system stabilises, and the operator can prepare to 
trigger the image capture. Approximately 5 to 2 seconds before 
starting stage three, images start to be taken. 

Table  4. Microscope hot plate settings. 

Stage Description 

1 Go up to 100°C @ 40°C/min 

2 Hold @ 100°C for 1 minute 

3 Go up to 200°C @ 20°C/min 

4 Hold @ 200°C for 1 minute 

5 Finish (go down to 70°C by Natural Convection) 

 
Once images are taken, a sequence file is saved using the 

AVI uncompressed format. These images are then opened 
using ImageJ free software, which allows the user to open 
image sequences and operate batches of images at the same 
time. Small corrections were made in some images to highlight 
the difference between background and objects, although 
acceptable contrast was achieved by optimising set-up and 
illumination. The fibre-particle angle of contact was directly 
measured using the necessary angle measurement tool. The 
angle measured in the image corresponds to the external angle 
of contact as it was the easiest to measure (Fig. 1). Correlation 
to angles of contact calculated using the Wilhelmy method 
should be done carefully as FPIT is intended to produce a 
measurement for processing optimisation rather than for 
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estimating surface energies. Each test produced two angle 
measurements labelled as left (L) and right (R) and each test 
was repeated one time, producing a total of four measurements 
for each material combination. 

2.4. Densification Procedure 

The densification procedure starts by turning the hot plate 
controller and the PC on. Illumination is set by turning the light 
source on and image sharpness, as well as focus, is set at this 
stage. Samples were prepared by placing 3.0±0.02g of the 
specific polymer powder (unsieved, fine or coarse) over one 
aluminium dish. Polymer powder of different particle size was 
sieved using Retsch AS200 Sieve Shaker following the 
procedure recommended by ARM [27], [28]. After the system 
is ready, a calibration image is taken using the calibration 
standard. Once the calibration file is produced, the heating 
program shown in Tab. 5 is set into the software. In TP-
Picture® software, images are set to be taken at three different 
rates depending on the isothermal temperature. For this 
experiment, three levels for the hot plate temperature (TH) 
value were selected: 200° C, 250° C and 300° C and capture 
speeds were 10s, 5s and 2s per image respectively. 

Table  5. TP-Picture® heating program. 

Stage Description 

Pre-heating Go up to TH @ 40°C/min 

Stabilisation Hold @ TH for 1 minute 

Test Hold @ TH for 10 minutes 

Cooling Finish (go down to 70°C by Natural 
Convection) 

 
Once the temperature stabilises in stage 2, the image 

acquisition is triggered and the sample is placed manually after, 
at least, one blank image is taken. By doing this, it is assured 
that no more than 10, 5 or 2 seconds (depending on the heating 
rate) have been by the time the sample is placed over the hot 
plate. During the next ten minutes, sintering and densification 
usually occur, and images are taken in the meantime. Finally, 
once the images are recorded, MIPAR® imaging processing 
software is used to segment and measure the images. 

3. Results and Discussion 

3.1. FPIT Results 

Figure 2 illustrates the interaction between particle-fibre 
bundle during sintering. At the beginning of the process, a 
square particle sample starts to soften and surface tensions act 
to minimise the external surface to finally create a drop-let. 
This change allows the particle to contact the fibre bundle. The 
contact typically occurs after 185 seconds. The angle of contact 
measured at the beginning of the test is typically a very sharp 
angle (around 30°-40°) which evolves to a more open angle 

(range from 50° to 80°) and illustrates the adhesion of the resin 
to the fibre bundle. Finally, in the last steps of the process, it 
can be seen how part of the resin slowly flows down towards 
the plate before the start of solidification, visible as a darkening 
of the drop-let. The repeatability of the test suggests that by 
controlling the shape of the particle-sample during sintering, 
the process can be standardised. Nonetheless, real particle 
shape variability impedes an authentic reproduction of the real 
sintering process and, therefore, such variability cannot be 
studied in this test. Despite the limitation of the method, results 
from FPIT appear to replicate the results that previous 
researchers have obtained in similar tests [8], [10], [12], [13], 
[29]. Therefore, it is clear that the data produced by this test 
represents the dynamic interaction of a particle and fibre 
bundle. 

 

Fig. 2. Progression of FPIT along time. 

Figure 3 contains four different graphs showing the 
scenarios explored during this work. According to the 
experiments performed and the literature reviewed, a typical 
sintering curve starts with a rapid increase of the dimensionless 
parameter (𝑥𝑥 𝑟𝑟⁄  for 2-particles and θ° for FPIT), starting low at 
the first few stages and increasing near to the final threshold 
towards the end. The interaction speed at the first stages can be 
estimated by measuring when the angle of contact reaches 80% 
of its final value. This initial curve typically lay between 225-
425 seconds. After the second 425, the process slows down and 
stabilises towards the final angle. Optimisation, therefore, can 
be carried out by improving the initial interaction speed or 
enhancing the final angle of contact.  

In graph A, mPE M3583UV was tested in contact with 
untreated GF. Although there is no clear initial curve, the graph 
seems to reach the 80% threshold by the second 425. The final 
angle was not conclusive, showing numbers from 30° up to 65°. 
Therefore, it shows the worst-case scenario as represents the 
case in which no compatibiliser or fibre sizing was used. 
Curves shown in graph B represent the use of no compatibiliser 
within PE in contact with silane treated GF. The results display 
a significant improvement in the curves represented by less 
disperse results. A faster initial curve is appreciated, achieving 
80% of the final angle by second 325. The highest final angle 
of contact recorded was during this test, reaching numbers 
around 70°. Graph C shows the interaction between 
Fusabond® E265 and untreated GF. This curve is characterised 
by a clear initial curve, but slower than the B curve (80% of 
final angle reached by second 400 approximately). It also 
shows a more precise final angle, between 50° and 60°. Finally, 
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in graph D, slightly more dispersed results are shown, 
describing a slower initial curve up (reaching 80% by second 
450 approx.) and showing a final angle of contact around 70°. 

 

Fig.  3. FPIT Curves. M3583UV to untreated (A) and silane treated (B) glass 
fibre. Fusabond® E265 to untreated (C) and silane treated (D) glass fibre.  

It is clear from graphs B and D that the use of silane sizing 
into glass fibre helps to achieve a better final angle. Results in 

graphs B and C showed the fastest initial curves and less 
dispersed data. Data shown in graph A indicates that the lack 
of compatibiliser and fibre sizing has a detrimental effect on 
sintering. Finally, the best case is represented in graph B in 
which 80% of the final angle is achieved by 325 seconds, and 
is higher than 60 degrees. Considering this case to results that 
showed a final angle around 50 degrees, the improvement in 
final angle can reach up to 40%. 

 

Fig.  4. Polymer densification and bubble disappearance. A - Comparison 
between high (200°C) and low (250°C) heating rate. B - Comparison between 
fine (90-105 μm)  and coarse (500-600 μm)  particle size. 

3.2. Densification Test 

Densification test has compared two RM-grade mPE resins 
(mPE M3583UV and mPE M4041UV), different heating rates 
(200°C, 250°C and 300°C) and different particle sizes (90-
105μm and 500-600μm) to determine the optimum 
densification parameters for use in combination with fibres. 
Results are shown in Fig. 4, which illustrates the variation of 
the number of bubbles counted during processing time. The 
two most significant variables that were observed to affect 
polymer densification were heating rate and particle size. 
Figure 4-A illustrates the bubble reduction and disappearance 
when varying the heating rate. The results verified observations 
made by previous researchers according to the literature. 
Results show that by using a high hot plate temperature 
(300°C) and, therefore increasing the heating rate, the bubble 
density of parts can be dramatically reduced by 50% increasing 
50°C.  



 David Castellanos  et al. / Procedia Manufacturing 47 (2020) 980–986 985
6 Author name / Procedia Manufacturing 00 (2019) 000–000 

Figure 4-B shows the effect of using different particle size 
as it has been reported to have a direct impact on the amount 
and size of bubbles that appear in a part. The use of fine 
particles (90-105 μm) produces a dramatic increase of the 
bubble density (by 500% when compared to coarse particles) 
as well as a decrease in the average bubble size (more than 50% 
in average). When using coarse particles (500-600 μm), bubble 
density remains constant or decrease slightly. Nevertheless, 
bubble size increases significantly as it can be seen in Fig.  6-B. 
Finally, Fig 5, Fig.  6 and 7 illustrate the differences shown in 
Fig. 4. 

 

Fig.  5. Visualisation of Densification Test. Effect of low (A – 200°C) and 
high (B – 300°C) heating rate are shown. 

 

Fig.  6. Visualisation of Densification Test. Effect of fine (A – 90-105 μm) 
and coarse (B – 500-600 μm) particle size. 

 

Fig.  7. Visualisation of Densification Test. Effect of polymer change 
between M3583UV (A) and M4041UV (B). 

4. Conclusions 

The combination of a sintering test with a densification test 
has shown to be extremely useful to evaluate coalescence 
dynamics and void formation in glass fibre reinforced 
polyethylene that can be produced by rotational moulding. It is 
clear from the results that the use of silane sizing into glass fibre 
changes the interaction dynamics and helps to achieve better 
final adhesion characteristics. Data shown clearly indicates that 
the lack of any compatibiliser and fibre sizing has a detrimental 
effect on sintering. The best-case-scenario is represented by a 
final angle around 70°, improving polymer-to-fibre adhesion 
by 40% compared to the other cases studied. 

Densification tests showed that combination of particle size 
and heating rate can be used to optimise the final bubble 
content in composite structures and the use of different particle 
size combined is suggested to optimise the packing factor of 
the polymer powder. Results show that by using a high hot plate 
temperature (300°C) and, therefore the high heating rate, the 
bubble density of parts can be dramatically reduced by 50% 
increasing 50°C.  

In summary, understanding sintering fundamentally is a 
critical factor to define the best resins and fibres to use in the 
process. These optimum materials can be then used in the full-
scale machinery to develop a hybrid manufacturing process. 
Finally, mechanical testing of the manufactured parts can 
verify the properties enhancement achieved by optimising 
sintering and densification. 
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