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Abstract 

Polymer foams are essential for the manufacture of low cost, lightweight, buoyant structures typical of offshore energy generation devices. 
Careful balancing of material and processing conditions is essential to achieving a mechanically optimal cellular structure. To date, a convenient 
method for optimising rotationally moulded polymer foams has not been demonstrated. An offline experimental method was developed, and a 
preliminary study conducted, analysing the influence of processing and material parameters, such as polymer particle size or chemical blowing 
agent (CBA) concentration, on polymer cellular structures. The density of each sample was analysed, and image analysis software used to compare 
the amount of cell deterioration in each specimen cross-section. The method was found to be capable of indicating appropriate levels of each 
variable, offering a quicker route to foam optimality based on minimising density and preventing cell deterioration.  
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1. Introduction 

It is widely recognised that the rotomoulding process is 
capable of manufacturing large, static structures such as 
outdoor furniture and industrial storage tanks [1, 2]. However, 
these products can be limited by weak mechanical properties, 
making them unsuitable for components in unpredictably 
loaded systems such as large offshore energy generation 
devices. Polyurethane foam filling has been acknowledged as 
a suitable method to overcome this [1]. However, due to the 
incompatibility of polyurethane and rotomoulded 
thermoplastics, a weak interface is created, and therefore 
limitations exist in improving mechanical properties [1]. A 
more suitable method involves filling the cavity with a 
compatible thermoplastic foam, which can be combined within 
multi-layer rotomoulded constructions [3]. Using 
thermoplastic foams, it is possible to improve mechanical 
properties, as well as buoyancy, thermal and sound insulation, 
and dimensional stability [2, 4]. This makes rotomoulded foam 

advantageous in producing structures for offshore energy 
generation devices.  

There are three fundamental steps to foaming in general: the 
creation of small discontinuities or cells; the growth of these 
cells to the desired volume; and the stabilisation and retention 
of the expanded form [1]. Two standard methods of creating 
polymer foam structures exist: physical foaming, where a 
blowing agent is dissolved into a polymer melt to be released 
by a pressure drop; and chemical foaming, where a chemical 
blowing agent (CBA) in powder form is decomposed within a 
molten polymer [2, 3]. CBAs are the most suitable method of 
creating foams within the rotational moulding process, due to 
the thin mould walls used, which do not allow the application 
of the high pressures required for physical foaming [3]. This 
makes producing an optimal foam structure more challenging, 
as the gas-laden molten polymer in solution form enables other 
polymer processes to control the viscosity at the point of 
foaming, providing control over the cellular structure [4]. It is 
widely acknowledged that ‘large, non-uniform bubbles lead to 
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a deterioration of mechanical properties of the final product, 
whereas smaller and more uniform bubbles can retain much of 
the original physical integrity of the material’ [5]. A foams 
stability, or its resistance to cell deteriorating behaviours, such 
as cell coalescence or cell coarsening, is, therefore, the primary 
focus of research on this topic. In rotomoulding, it is suggested 
that an optimal foam is instead controlled by ensuring the 
polymer is sufficiently consolidated before CBA 
decomposition; with the melt temperature kept as low as 
possible to resist negative foaming behaviours, such as cell 
coalescence and coarsening [9].  

To date, it has been common to complete trial-and-error type 
optimisation of material and processing parameters for 
rotationally moulded foams, which is both monetarily 
expensive, and time-consuming. This is typically conducted 
using laboratory-scale rotomoulding equipment, full-scale 
machinery, or through hot-stage microscope methods. Previous 
studies have failed to provide a simple technique, suitable for 
observing material and processing parameter changes in the 
optimisation of a cellular structure. This work demonstrates a 
flexible offline platform for studying polymer foaming 
behaviour using CBAs, through the use of standard scientific 
laboratory equipment. A preliminary experiment is conducted 
to screen material and processing parameters in order to 
understand their significance on the developed foam structure.   

2. Past Experimental Approaches to Studying Foam 
Stability in Rotational Moulding 

Foam stability (or instability) studies in rotational moulding 
can be primarily split into two categories: foaming experiments 
and characterisation methods. Typically, an experimental study 
will create foam under controlled conditions while varying 
parameters found to be significant to a foams structure, 
followed subsequently by characterisation of the stability.  

2.1. Foaming Experimentation 

Foaming by Gas Creation in a Molten Polymer 
The most common technique used to study the stability of a 

rotationally moulded foam is to blend a polymer resin with a 
CBA, typically both in powder form. As the temperature of the 
mixture is increased, a gas-laden polymer melt is formed. 
Parameters previously reported to influence foam stability, and 
relevant recommendations for optimising each include:  

 Polymer resin properties such as particle size, which should 
be minimised to produce a fine-celled structure [1, 5, 9]; 

 CBA type should preferably be exothermic, and the amount 
should be selected based on the required volume expansion 
ratio required [1, 6];  

 The blending of CBA and polymer resin should be 
completed to ensure even distribution of the powders. 
Typical techniques include dry-blending or compounding 
[1, 6, 9];  

 Heating rates should be adjusted to ensure even temperature 
gradients through the material during heating [1, 5]. 

This type of experiment incorporates behaviour typical of 
the process such as sintering and densification, and thus 
provides an understanding of cellular structure changes that 
might be expected of the full-scale process. Experimental 
methods used include full-scale machinery, laboratory-scale 
machinery, and hot- stage microscopes. Challenges exist in the 
application of these methods however, as machinery tends to 
hinder exploration and monitoring of a foam’s development. 
Emami, Thompson, and Vlachopoulos note a failing of 
previous investigations in concentrating on the fundamental 
concepts of this unique foaming process as a result [10]. 
Consequently, many studies only present ex-situ 
characterisation results. Whilst, one might expect hot-stage 
microscope studies to be a good alternative; it is not suitable 
for optimising parameters representative of full-scale 
machinery. Using a hot-stage microscope setup, Emami et al. 
comments that ‘low CBA content was used in this study in 
order to minimise errors involved with the two-dimensional 
imaging of bubble morphology by avoiding excessive bubble 
overlap during foaming’, and thus could never fully represent 
the cellular interaction of the full process [10].  

Foaming of Solid Precursors  
In order to observe the behaviour of a CBA under controlled 

conditions, a solid precursor can be compression moulded at 
temperatures below decomposition. The solid precursor can 
then be foamed in a later stage by heating it to above its 
decomposition temperature. Samples prepared in this manner 
remove the need to control sintering behaviour, as well as 
providing control over the dispersion of blowing agents. Few 
studies of this type have been presented to date. Nonetheless, 
parameters studied previously have included CBA particle size, 
CBA type, and polymer resin type [11]. This method of 
experimentation provides a unique insight into the foaming 
behaviour of CBA particles. Similar to methods discussed 
previously, the major drawback is that only low concentrations 
of CBA can be used, in order to prevent obscuring the image 
with overlapping cells. 

2.2. Foam Characterisation 

From the foaming experiments set out previously, the 
measure of foam stability or efficiency must be attained. Two 
types of experimentation are established for this.  

Ex-Situ Exploration  
Foam is developed under pre-selected conditions. 

Development is then either halted by rapid cooling to create 
samples representative of different stages of foam lifespan or 
by using settings typical of the process. Foam samples can then 
be characterised by their:   

 Volume (i.e. density) [6, 12, 13]; 
 Mechanical properties such as tensile strength, impact 

strength, compressive strength, and flexural strength [12, 
13]; 

 Morphological parameters such as pore sizes, cell density 
by sectioning and stereomicroscopy, or by cryo-fracture and 
scanning electron microscopy (SEM) [6, 12, 13]; 
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 Thickness uniformity and global shrinkage [13].  

In-Situ Exploration  
Developing foams are characterised in their liquid state 

during their formation. The types of experimental methods for 
this include:   

 Simple volume/ foam height measurements [6];  
 Hot-stage optical microscopy to observe cell 

transformations such as cell sizes, shapes, and cell density 
profiles during the decomposition of CBA [1, 2, 7]. 

3. Experimental 

3.1. Experimental Setup 

 Figure 1 illustrates the equipment arrangement. Two 
digitally controlled hot plates were used to maintain the 
temperatures of two beakers containing high-temperature 
silicone oil, providing control overheating and cooling rates. 
Oil baths were allowed time to stabilise before beginning the 
experiment. Mixtures of polymer resin (X3) and CBA (X4) 
were prepared using a Rondol Centrifugal Blender according 
to the experimental design. Batches of material were mixed 
using identical frequency and time of agitation. The polymer 
was sieved using a Retsch AS200 Sieve Shaker to provide two 
levels of particle size (X3) for the study: 106 µm < 212 µm and 
300 µm < 400 µm. Batches of 300 g were sieved for 30 mins at 
~2 mm amplitude in order to prevent blinding the mesh.  

Boiling tubes coated with Frekote 700 NC mould release 
agent on all surfaces, enabling demoulding, were used as a 
mould. A 5 g shot weight of each prepared mixture was used in 
all studies. Although not presented here, note that the use of 
glassware and silicone oil allows for in-situ characterisation of 
parameters such as foam height change. At the start of each run, 
the prepared boiling tube containing the mixture was lowered 
into the oil bath at the predetermined temperature. K-type 
thermocouples and a Picolog TC-08 were used to constantly 
monitor the temperature of the polymer melt and oil during the 
process. The boiling tube was removed from the heating oil 

 

 

Fig. 1. Experimental Equipment Arrangement. 

bath at the predetermined temperature (X2) and moved to the 
cooling oil bath (X1) until reaching 70°C. All experiments 
were conducted at atmospheric pressure. 

3.2. Experimental Method 

A screening experiment was used to establish which 
variables had the most significant effect on the developed 
cellular structure. The experimental design is provided in Table 
1. Four variables at two levels were studied, including cooling 
oil temperature (X1), polymer melt temperature (X2), powder 
particle size (X3), and concentration of CBA (X4). The effect 
of adjusting the heating rate was observed by repeating the 
experiment whilst changing the oil temperature from 200°C to 
185°C. The polymer and blowing agent type were maintained 
constant during the preliminary experiments. The experiment 
consisted of a total of 16 runs. 

Table 1. Experimental Design 

3.3. Materials 

Metallocene medium density polyethylene (PE) resin 
(mMDPE; Lumicene® M3583 UV) from Total Petrochemicals 
& Refining S.A./ N.V. (Brussels, Belgium) was used in all 
experiments. The resin was supplied and used in powder form. 
Table 2 presents the typical properties [8]. The material was 
determined to have an average particle size of 300 µm (ASTM 
D1921) (Fig. 2).  
  

Run X1: Cooling 
Oil 

Temperature 
(°C) 

X2: Peak Melt 
Temperature 

(°C) 

X3: 
Polymer 
Particle 

Size 
(μm) 

X4: CBA 
Concentration 

(wt%) 

1 30 165 106 1 

2 30 180 106 1 

3 30 165 300 1 

4 30 180 300 1 

5 30 165 106 5 

6 30 180 106 5 

7 30 165 300 5 

8 30 180 300 5 

9 70 165 106 1 

10 70 180 106 1 

11 70 165 300 1 

12 70 180 300 1 

13 70 165 106 5 

14 70 180 106 5 

15 70 165 300 5 

16 70 180 300 5 

HEATING COOLING 
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Table 2. Typical Properties of Lumicene® mM3583 UV [8]. 

 

 

Fig. 2. Lumicene® mM3583 UV Particle Size Distribution. 

Genitron OB from LANXESS AG (Cologne, Germany) was 
used as the CBA in this work. Table 3 presents the typical 
properties [16]. Genitron OB is reported to have a 
decomposition temperature between 140 and 160°C, producing 
125 mL/g of N2 and H2O [17]. The material was used as 
received. Thermogravimetric analysis (TGA) was used to study 
the decomposition behaviour of the CBA. Approximately 10 
mg of CBA was placed onto a microbalance and heated from 
40°C to 300°C at a rate of 10°C / min (representative of a 
standard rotomoulding cycle). A stream of nitrogen gas was 
used for purging. The weight of the sample pan was recorded 
as a function of temperature. The decomposition temperature 
was found to be 160°C (Fig. 3). The peak melt temperature 
(X2) was set at + 5°C and + 15°C above the decomposition 
temperature, to ensure full decomposition without increasing 
polymer temperature unnecessarily. The levels of CBA were 
set at 1% and 5% (wt%) in this work, in line with 
recommendations from the manufacturer [18]. 

Table 3. Typical Properties of Genitron OB [9]. 

3.4. Foam Density Characterisation 

The density of each foam sample was determined using the 
immersion method, as adapted from BS EN ISO 1183-1:2019 
[19]. 5 mm thick foam sections were prepared from the same 
location in every foam sample, followed by manual trimming 

to form a cuboid. Samples were visibly checked for large 
entrapment of air bubbles during testing. Specimens were 

 

 

Fig. 3. TGA result for Genitron OB. 

weighed to the nearest 0.1 mg. The density of the foam, ρs, in 
grams per cubic centimetre, was calculated using Eqs. 1. Note 
that apparent mass is defined as the ‘mass of a body obtained 
by measuring its weight using an appropriately calibrated 
balance’ [19].  

ρs= (ms, A × ρIL)/ (ms, A - ms, IL)                                                       (1) 

 Where: 

 ms,A is the apparent mass of specimen in air, in g; 
ms,IL is the apparent mass of the specimen in the 

immersion liquid, in g; 
ρIL  is the density of the immersion liquid at the 

recorded temperature, in g/ cm3. 

For comparison, the apparent density was also obtained by 
a method adapted from BS EN ISO 845:2009 [20]. Using the 
same sample geometry previously described, the volume of 
each specimen was determined using the mean of three separate 
measurements of each dimension, in mm. An analytical 
balance accurate to +/- 1 mg was used to weigh the samples, 
and its mass was recorded in g. The density ρ (apparent overall 
density), in grams per cubic centimetre, was found.  

3.5. Foam Morphology Characterisation 

A Nikon compound microscope fitted with a 5x zoom lens 
was used to capture images of 1.5 mm thick sections under 
diascopic lighting conditions. The foam was placed under 
microscope slides, and weights placed on either side. In order 
to gain information about the voids observed in the foam 
samples a FLIR BlackFly S USB 3 camera with an 
Kowa LMVZ166HC lens was used to capture images of 1.5 
mm thick samples on a black background. Manual image 
thresholding was completed, and the percentage area of black 
regions found using MIPAR image analysis software. 

4. Results & Discussion 

Figure 4 (a) and (b) show the density results for each 
variable when the heating oil was set at 185°C and 200°C 
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Density (g/cm3) ISO 1183  0.935 

Melt temperature (°C) ISO 11357-3 123 

Properties of CBA used Genitron OB 

Product name  Genitron OB 

Chemical composition 4, 4’ – Oxybis (benzenesulfonylhrazide) 

Appearance Colorless powder 

Decomposition 
Temperature 

140-160°C 

Gas yield 125 mL/g 

Gas composition Nitrogen, Steam 
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respectively and demonstrates the level of agreement between 
the different density measurement methods. The lowest density 
foam was achieved in the lower heating rate experiment, in line 
with previous suggestions to keep polymer melt temperatures 
as low as possible [1, 5]. The three lowest foam densities at 
both heating rates are achieved using the same variable levels; 
therefore, for the lowest density foam, peak melt temperature 
(X2) and CBA concentration (X4) should be set at the high 
levels of 185°C and 5% respectively. Figure 5 a-c c show cross-
sectional representations of the three lowest density foams 
when the heating oil temperature is set to 185°C; whilst d–f 
show the three lowest density foams when the heating oil 
temperature is set at 200°C. It can be seen that the cell sizes are 
coarse in all of the foams, with most cells measuring > 300 μm 
in diameter. Cell sizes in this range are far from the ideal fine 
cell sizes discussed by Pop-Iliev, Xu, and Park, of <100 μm; 
therefore, optimising on density alone is not adequate [21]. of 
cell deterioration, are provided on the secondary axes of Figure 
4 (a) and (b). The previous low-density foam results discussed 
are identified as having a higher percentage of voids during 

analysis. The results of the digital image analysis of the voids 
present in the cellular structure of some samples, used as a 
comparison It can be seen that in the lower heating rate 
experiment, the percentage void area in the image is reduced in 
comparison to the higher heating rate experiment. The lowest 
density foam with the lowest percentage void area is achieved 
in the low heating rate experiment, with levels: cooling oil 
temperature (X1): 70°C, polymer melt temperature (X2): 
165°C, powder particle size (X3): 106 μm, and CBA 
concentration (X4): 1%. Figure 6 a – d show the best and worst 
cross-sectional representations as a comparison, showing the 
large void regions in black, and the corresponding detailed 
microscopic view of the cellular structure of the same cross-
sectional representations. Figure 6 a and d illustrate that cell 
wall collapse has occurred, in agreement with the higher 
percentage void area results. On the other hand, Figure 7 shows 
the optimal foam with the lowest density and lowest percentage 
void area. In this case, cell sizes of approximately 250 μm in 
diameter are found.  

(a)   

(b)  

Fig. 4. (a) Density results for 185°C experiment; (b) Density results for 200°C experiment. 

 

 

Fig. 5. (a) 3rd Lowest density foam at 185°C; (b) 2nd Lowest density foam at 
185°C; (c) Lowest density foam at 185°C; (d) 3rd Lowest density foam at 200°C; 
(e) 2nd Lowest density foam at 200°C; (f) Lowest density foam at 200°C. 
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Figures 8 a - b show the main effects plots for each 
independent variable under the two heating rates studied. The 
response is foam density taken by the buoyancy method. The 
average response (dashed line) is provided, showing the 
relationship for each variable level. In these graphs, the 
variable being studied is held constant, whilst the other 
processing variables are adjusted. Therefore, the range for the 
constant variable is provided as an indication of the sensitivity 
to changes in the other variables. It can be observed that the 
CBA concentration has the greatest effect on foam density and

 showed lower sensitivity at 1% concentration for the lower 
heating rate. For the peak melt temperature, it can be seen that 
at both heating rates, the higher setting of 180°C provided a 
lower density foam. Although changing the cooling oil 
temperature provided only a small effect on the foam density at 
the levels studied, the interaction suggests that a slower cooling 
rate could provide for a lower density. The interaction in 
polymer particle size illustrates that a smaller particle size is 
beneficial for producing foams of lower density, and hence will 
be studied in greater detail in future work.

 

Fig. 6. (a) 185°C lowest density foam; (b) 185°C highest density foam; (c) 200°C lowest density foam; (d) 200°C highest density foam. 

  

Fig. 7. (a) Optimal foam cross-section; (b) Optimal foam cross-section detailed image. 

 

Fig. 8. (a) Main effects plots for 185°C results; (b) Main effects plots for 200°C results.  
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In addition to the basic screening of each variable, the 
experimental design, known as a full factorial design, allowed 
for a preliminary examination of interactions between all of the 
variables. The interaction between variables at the levels 
considered in the experiment was not observed to have a 
significant effect on the density of the developed foams. 

5. Conclusions 

From this work, it was concluded that: 

 The optimum foam based on lowest density and lowest per 
cent void area was found to be 0.32 g/cm3 using the 
following levels of each variable: cooling oil temperature 
(X1): 70°C, polymer melt temperature (X2): 165°C, powder 
particle size (X3): 106 μm, and CBA concentration (X4): 
1%. 

 Using a lower concentration of CBA (X4) at a lower heating 
oil temperature (X1) reduced the sensitivity of foam density 
to the other variables studied.  

 Polymer powder size was found to influence foam density, 
showing that a finer particle size provides a lower density 
foam. Further work is required to demonstrate the effect of 
this variable on foam morphology responses such as average 
cell size.  

 Foam density was found to be largely controlled by blowing 
agent concentration (X4) and peak melt temperature (X2), 
presenting the largest average response for each main 
variable studied. 

 The experimental method employing boiling tubes to 
contain and produce polymer foams provided an excellent 
observation platform, and it is recommended that this 
exploited further in future work. 

 Future work is planned to observe the dynamic changes of 
foam height, utilising the unique view of the specimen 
provided by the experimental method, under the influence 
of variables such as CBA concentration, polymer particle 
size, and mould pressure changes. Full-scale rotomoulding 
trials will then be conducted based on the results of the 
offline experimentation. 
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