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Good day ladies and gentlemen, I would like to present to you on my research on the production and properties of a maleated castor oil-polystyrene matrix
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INTRODUCTION TO STUDY

“…the supplies used to produce products in accordance to the needs of 
humans should not be depleted; and 
emissions caused by the production or disposal of products should have 
no negative impact on the environment…” 1
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Although the chemical industry has made major improvements in efficiency and in the reduction of carbon dioxide emissions per kilogram product over the past five decades, sustainability is still a large concern [1]. The rapid increase in the world’s population has led to an increase in the usage of plastic products, most of which are non-biodegradable. Winterton indicates the requirements for sustainability to be as follows [1]: 
 “…the supplies used to produce products in accordance to the needs of humans should not be depleted; and 
 emissions caused by the production or disposal of products should have no negative impact on the environment…” 

These requirements can only be met if products are recycled or made out of renewable materials, preferably both. Emissions can be minimized through an extended product life or a decrease in harmful emissions by converting products into harmless substances [1]. 
To be able to negate the impact that these non-biodegradable products have on the environment, research into biodegradable alternatives is needed [2]. The need to find alternatives for materials based on petroleum precursors and using more renewable resources has driven this research 



INTRODUCTION TO STUDY

What sets vegetable oil-based polymers apart from 
conventional polymers?
 More affordable
 Natural resources are readily available
 Properties similar to those of conventional polymers (or better)
 Some are biodegradable, non-toxic
 Low contribution to production of greenhouse gasses
Why castor oil?
 Non-edible
 Contains double bonds and hydroxyl groups = increased 

reactivity

Presenter
Presentation Notes
What sets vegetable oil-based polymers apart from conventional polymers are the following factors [6]: 
 these vegetable oil-based polymers are more affordable, 
 the natural resources are readily available, 
 the properties of the vegetable oil-based polymers are similar to those of conventional polymers, if not better, and 
 some of these vegetable oil-based polymers are biodegradable, non-toxic and have a very low contribution to the production of greenhouse gases. 





INTRODUCTION TO STUDY

https://www.researchgate.net/publication/276060634_Bioplastics_-_Biobased_plastics_as_renewable_andor_biodegradable_alternatives_to_petroplastics
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The definition of biopolymers is illustrated by the diagram
Biopolymers can either be based on renewable materials; biodegradable and based on renewable materials or biodegradable




AIM OF STUDY

 Conduct research on non-polyurethane biopolymers
 Develop a maleated castor oil/polystyrene (MACO-PS) 

polymer matrix
 Reinforce the matrix with natural fibres

 Determine the mechanical properties of the matrix as well as 
the reinforced composite

 Compare these mechanical properties to those of GPPS 
(general purpose PS) and HIPS (high impact PS)

 Measure biodegradability of MACO-PS matrix
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The objectives for this study were therefore: 
 to conduct research on non-polyurethane biopolymers, 
 to develop a maleated castor oil/polystyrene (MACOPS) polymer matrix, partially produced from a renewable feedstock, 
 to reinforce the matrix with natural fibres, viz. woven cotton/hemp fibres, 
 to determine the mechanical properties of the matrix as well as the reinforced composite. The mechanical properties of MACOPS matrices have not been reported in the literature, 
 to compare these mechanical properties to those of pure polystyrene (GPPS) and high impact PS (HIPS), and 
 to measure the biodegradability of the maleated castor oil/polystyrene matrix. 




SYNTHESIS OF MATRIX

4-step process:

1. Maleation of castor oil
2. Formation of matrix with styrene (MACO-PS)
3. Hand layup process
4. Thermal curing



RESULTS OF MECHANICAL TESTS AND THERMAL 
ANALYSIS

Property MACO-PS GPPS HIPS Reinforced 
MACO-PS

Standard/ 
Method

Flexural Properties

UTS (MPa) 22.1 74.4 27.2 12.2

ASTM 
D7264-15 

Toughness 
(MPa)

3.94 1.12 3.24 > 2.76

Strain at 
break

24.7 % 2.80 % 14.0 % >31.4%

Charpy Impact Test

Impact 
strength 
(kJ/m2)

41.5 33.9 58.4 45.0
ASTM 
D6110

Hardness

Shore-D
hardness

60.5 85.0 76.9 68.0 Durometer
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Curing of the MACOPS resin resulted in a flexible but tough matrix. The impact, flexural and tensile properties were similar to those of HIPS (as highlighted in green). The morphology of the MACOPS matrix was found to be either a co-polymer or an interpenetrating polymer network and revealed the presence of crosslinks between polymer chains. 

The results obtained for flexural strength are evidence for MACOPS being flexible. The addition of MACO to styrene resulted in a matrix with increased flexibility compared to that of GPPS as the flexural strength of MACOPS was 70% less. MACOPS showed the presence of shape memory after flexural tests which confirmed the presence of crosslinking. 

The high impact strength of the MACOPS matrix and composite (almost 1.5 times that of GPPS) correlate with the toughness results which were 4 times that of GPPS. 

For the flexural, tensile and impact properties, the reinforcement with greige fibres produced mixed results. In the case of the reinforced matrix under flexion, the greige fibre reinforcement increased the flexural strength but showed large amounts of delamination. Under tensile loads the efficiency of the fibres as reinforcement was low and thus the fibres acted primarily as a filler. 




RESULTS OF MECHANICAL TESTS AND THERMAL 
ANALYSIS

Property MACO-PS GPPS HIPS Reinforced 
MACO-PS

Standard/ 
Method

Tensile Properties

UTS (MPa) 23 44.8 13.5 13.1

ASTM 
D638-14 

Young’s 
modulus 
(GPa)

1.0 3.3 1.5 0.3

Toughness 
(MPa)

2.53 0.61 3.19 1.0

Strain at 
break

12.8 % 1.60 % 25.8 % 11.8 %

Differential Scanning Calorimetry

Tg (˚C) 54.9 and 
93.2

90-95
-85.2 and 

104.3
- Heating rate 

of 20˚C/min 
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The addition of MACO to styrene resulted in a 70% decrease in modulus and a 50% decrease in tensile strength of the matrix when compared to GPPS. Under tensile loads the MACOPS was 8 times more extensible than GPPS.

Differential scanning calorimetry revealed two glass transition temperatures for MACOPS. The Tg peak corresponding to polystyrene was small, however a large glass transition temperature peak was seen for the co-polymer. This resulted in the conclusion that either a random co-polymer was formed or an interpenetrating polymer network was formed. The low Tg (55˚C) corresponds with the flexibility of the matrix at room temperature. 



MICROSCOPY METHODS

MACOPS

HIPS PS

A

Fracture surfaces
 Leica MZ 8 stereomicroscope

SEM
 WiTec RISE electron microscope

 Backscatter electron analysis

 Low vacuum in presence of small amount of moisture

 20kV acceleration voltage

 200x magnification



MICROSCOPY METHODS

MACOPS

HIPS PS

A

Raman spectroscopy
 WiTec Alpha 300R confocal microscope

 1-2mW laser power (solids) and 5mW (liquids)

 Integration time was 1.19s for spectra and 0.25s for maps

TEM
 Samples cut using Leica Reichert Ultracut S with a diamond blade 

(100nm sample thickness)

 Samples were vapour stained with 2% OsO4 solution for 1hr and 
16hrs; 0.6% RuO4 for 30min

 FEI Tecnai G2 F20 X-Twin transmission electron microscope

 Operated at 200kV



FRACTURE SURFACES

MACO-PS

HIPS PS

A

≈4
m

m

≈4
m

m

≈2mm
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Striations can be seen on the fracture surface of MACOPS. Crack initiation is seen at point A followed by outward striations. No shear lips are seen indicating a brittle mode of final fracture despite the yielding observed and significant strain at break when compared to GPPS 

The linseed oil monoglyceride maleate/styrene co-polymer synthesized by Mosiewicki et al. also showed a smooth fracture surface thus resulting in a brittle fracture mode. Mosieiwicki et al. states that this fracture mode is usually seen in crosslinked resins [102]. 

Due to the brittle nature of GPPS a unique fracture surface is observed. Numerous cracks are observed causing shattering in the sample. Due to rapid crack propagation, cracks are formed and propagate in different directions from the point of crack initiation. 

A shear lip can be seen in the failure surface of HIPS, indicative of ductile failure. 



FRACTURE SURFACES

Voids 
caused 
by 
absence 
of matrix

≈6mm

≈6
m

m
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The top of the fracture surface of reinforced MACOPS does not show visible signs of delamination but some voids due to insufficient wetting. 
The side-on photograph of the fracture surface shows a very uneven surface caused by the fibres breaking at different lengths. SEM needed to be done in order to determine the presence of fibre pull-out



FRACTURE SURFACES

Delamination

Delamination Delamination
Fibre 
breaking

LOAD DIRECTION

Crazing Fracture 
surface

≈5
m

m
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The reinforced MACOPS showed significant delamination under flexural loads 

GPPS displayed some crazing around the fracture area (Figure 54) with a brittle fracture surface. Crazing is expected for glassy thermoplastics and forms due to the formation of localized areas of plastic deformation perpendicular to the direction of the applied load [99]. 



SEM

B

A

E

DC

C
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Analyzing the fracture surface of a broken reinforced sample can give valuable information as to the nature of the fibre being used, nature of the matrix (ductile or brittle) and matrix-fibre interactions. Due to the mechanical properties of the reinforced composite being significantly less than expected, SEM analysis is critical in determining the cause. 

Here you can see SEM images of two tensile fracture surfaces. Some critical flaws can be detected in the images. 
Area A shows what can be seen as an imprint of the fibres left on the matrix. This points to weak adhesion between the matrix and the fibre. 
Area B shows a region where no matrix is present causing a void in the composite. Voids can be caused by insufficient wetting of the fibres. 
Area C shows a different kind of void where the matrix did not penetrate through the fibre at some places 
At D debonding between the fibre and matrix can be observed. This causes a crack to form along the fibre with a length of approximately 300μm. Once again the presence of debonding can be ascribed to weak fibre-matrix interactions. 
Area E shows ductile matrix cracking. 




SEM

Matrix with imprint 
left from fibre

Fibre
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A closeup SEM shows the presence of possible fibre pull-out. No matrix is attached to the base of the fibres Exposed fibres are seen sticking out of the matrix and in the matrix the imprint is visible where fibres were present before fracture. 



RAMAN MAPPING

MACO-PS HIPS
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A Raman map was used to study the distribution of polystyrene through the MACOPS sample. Polystyrene is shown in green on the map. The light green regions represent areas with high intensity signals for PS, with the darker regions being less intense. The uniform distribution of PS throughout the sample most likely points to the formation of an interpenetrating polymer network or a co-polymer. For HIPS the lighter green regions also represent areas of high intensity PS signals whilst the darker black areas correspond to the polybutadiene present in the sample 
The lines present on the map of the MACOPS sample correspond to the scratches visible on the surface image and do not suggest the formation of linear clusters of PS. Both maps confirm the mostly uniform distribution of PS throughout MACOPS and HIPS. HIPS is seen to have clusters of polybutadiene present in the sample whereas MACOPS shows no phase segregation. 
The Raman map for HIPS corresponds to the TEM micrograph also showing clusters of polybutadiene. 



TEM

Polybutadiene
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Information on phase separation and the distribution of phases through the sample can be obtained through transmission electron microscopy. 
The two phases are clearly seen in the HIPS sample. The salami-like structure of the polybutadiene phase (dark grey) is distributed throughout the light grey polystyrene phase. Phase segregation is thus seen in this graft co-polymer. 



TEM

100nm 100nm
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The TEM micrograph for MACOPS shows no phase segregation. No localised staining of residual fatty acid ester double bonds was observed. This result supports the idea that MACOPS is a random co-polymer with little to no phase separation or that any polystyrene formed is present as an IPN with the MACOPS polymer and not phase segregated. When the sample was stained with RuO4, the sample section turned a grey colour. Once again no preferential staining was observed. 



CONCLUSIONS

 The mechanical properties of the green MACO-PS matrix 
corresponds to those found for HIPS

 Fracture surfaces found for the tested materials backed the 
mechanical test results

 SEM was successfully used to identify the cause for weak 
mechanical properties of the reinforced composite

 Raman mapping together with TEM confirmed the morphology 
of the matrix to be either a random co-polymer or an 
interpenetrating polymer network
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