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Abstract 

Compared to conventional fibers, carbon nanotubes possess several significant properties, 

which make them as an excellent alternative reinforcement in multi-functional material 

industry. In this study, the possibility of dispersion of the multi-wall carbon nanotube 

(MWCNTs) in a thermoset bio-based resin (synthesized based on end-functionalized glycerol-

lactic acid oligomers, GLA, at university of Borås) was investigated. Furthermore, the 

addition of the MWCNTs as reinforcement to improve the mechanical and thermal properties 

of was investigated.  

 

The nanocomposites were prepared in three different concentrations of MWCNTs, 0.3 wt.%, 

1.0 wt.%, and 2.0 wt.%, and each sample was prepared using three different dispersion 

methods such as the high speed mixer(HSM), the ultra-sonication (US), and a combined 

method of HSM & US.  

 

The mechanical and thermal properties were analyzed by flexural test, thermogravimetric 

analysis (TGA), and differential scanning calorimetry (DSC). The results confirm that the 

nanotubes can be dispersed in GLA but the cured nanocomposite didn’t exhibit any 

considerable improvement in their thermal properties. Considering to the mechanical 

properties, the addition of 0.3 wt. % MWCNTs to the GLA increased the flexural strength a 

little but increasing the nanotubes to 1.0 wt. % decreases the flexural strength to almost 50%. 

This is mainly due to increase in the brittleness of the produced nanocomposites. 

 

Both the distribution methods dispersed the nanomaterials in the matrix initially but they are 

not efficient enough to stop the re-agglomeration which leads to undesired curing dynamics 

and low efficiency. Thus, these dispersion methods need to be optimized for improvement of 

nanocomposites’ properties.  
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1-Introduction  

1-1-Composite material 

Although composite materials are not a development of the modern world and their history 

goes back to thousands of years ago (wattle and daub, 6000 years ago
1
) but their impacts on 

the modern life are so important and wide that imagining a modern world without the 

composite material is almost impossible. They have been able to penetrate many aspects of 

today's life by providing significant features and capabilities such as lightweight, good 

thermal and/or good mechanical properties (such as  modulus and strength, elasticity, 

conductivity or electrical resistance). 

Composite materials (CMs) are multi-phase material and usually obtained by combining two 

or more different materials with different properties, where the continuous bulk substances 

known as matrix (adhesive phase) which surrounds the other substance known as filler or 

reinforcement (dispersed phase). The third phase is the distinct boundary between the matrix 

and the filer known as interface (interphase) and it is where the stress and applied loads 

transfer to the filer through the matrix. The nature and feature of the interphase such as 

interfacial adhesion or bonds between the filer and the matrix have strong impact in the stress 

transferring ability and thereby in the final properties of the composite. Such a structure 

makes it possible for the composite to perform unique characteristics that none of the 

constituent parts can perform individually while retains their primary properties
 (2, 3)

. In fact, 

the interactions between the three phases amplify the properties that each phase performs 

individually and leads to the unique properties of the composite. Therefore using a dispersed 

phase with good mechanical feature cannot guaranty a good load carrying composite without 

an adhesive phase with appropriate features like high failure strain and high modulus, suitable 

viscosity and good dispersion ability of the filler and a good interaction between them
4
. 

 

1-2-Thermoset vs thermoplastic 

Among many diverse composite materials, polymeric matrix composites (PMCs) have 

improved faster and extensively since past three decades. Taking advantages of wide range of 

polymers as matrix plus the superior properties of various reinforcements have brought many 

progressive  properties to the PMCs such as low costs, low weight, easy processing, good 

design-ability, high specific strength and modulus, temperature stability, dimensional 

stability, good fatigue resistance, high damage tolerance, good damping characteristics, multi-

functional performance, etc.
(4,6,7)

. PMCs owe a big part of this progression to their polymeric 

matrix. Based on their matrix, PMCs are usually classified into two main groups: thermosets 

resin-based composites and thermoplastics resin-based composites.   

 

The relative linear structure with long polymer chains (high molecular weight) but weak 

intermolecular bonds in thermoplastics provides a better toughness, better thermal tolerance 

(chemically stable) which let them easily recycled by thermal vibration, and short processing 

time which is very important in mass production. However, compared with thermosets, the 

processing temperature and the viscosity are relatively higher in thermoplastics which are 

serious disadvantages leading to special processing equipment requirements and increasing 

the costs, or limiting the possible manufacturing processes
 (4, 15-17)

.  
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Thermosets, unlike the thermoplastics, have relatively lower molecular weight (shorter 

chains) and highly covalent cross-linked (intermolecular primary bonds). The molecular 

weight increases to almost infinite on curing which also forms 3-dimensional branched 

structure. Resin polymerization and curing can occur at low temperature, even at the room 

temperature, which increases the processing possibilities while decreases the costs as well. 

Despite the excellent characteristics of thermoset resins such as low viscosity, easy process-

ability, and high strength and modulus, but cross-linking is a chemical irreversible reaction, so 

thermosets undergo chemical reaction unlike thermoplastics which makes thermoset recycling 

difficult. Therefore, the setting and controlling of the temperature and the chemical reactions 

are major challenges especially in mass production. Producing water during curing in 

phenolic resins, chemical shrinkage after curing in unsaturated polyester resins and 

controlling the temperature to avoiding expansion in epoxy resins which react exothermally 

but need a critical activating temperature are some of other challenges
 (4, 15-17)

. 

Furthermore, many thermosets and thermoplastics resins are petroleum based which is also 

a major environmental disadvantage that has attracted the considerations of many researchers 

and industries to seek eco-friendly resources and processes to produce and develop 

composites materials. 

 

1-3-Thermoset biopolymers  

Due to their distinct characteristics, these days, thermoset composites have many diverse 

applications in many different sectors from households to military, medical, industrial, etc. 

The use of this remarkable class of material is increasing every day and they are considered as 

one of the most promising alternatives to the future of the material industry. But the 

population growth, the energy crisis, the 

growing environmental threat caused by the 

excessive use of the fossil resources, and 

the uncertainty of petroleum supply as the main 

raw material in thermoset polymer production 

have led to the use of sustainable resources like 

biomass in thermoset polymer production by 

researchers around the world. As it illustrates in 

figure 1, sustainable material defined as a bio-

based material with a renewable origin that is 

eco-compatible, biodegradable and recyclable. 

The production of these materials should also 

be feasible in commercial aspects
5. 

Nowadays, 

sustainability is considered as an important 

factor in production of new materials including 

bio based resins and green composites. 

Fig.1 Concept of “Sustainable” bio-based product 
5
 

 

The global movement towards sustainable material has had significant improvements in bio-

based resin sector and nowadays a fairly good variety of novel bio-plastics made of bio-based 

resins can be seen in the global market including the PLA derived from corn
18

, biodegradable 

plastics from soybeans protein
19

or soybeans oil
20

, microbial synthesized bio-plastics such as 

polyhydroxy alkanoates (PHAs) from renewable resources-sugars
 (21, 22)

, cellulosic and starch 

plastics from many different bio-sources
 (5, 23, 24)

 are increasingly studied. Fig.2 and Fig.3 

illustrate current important bio-based plastics and their bio-degradability. 
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In accompany with the global movement towards sustainable materials, many studies have 

been carried out at the University of Borås over the past ten years, and in 2014, Bakare et al. 

succeeded in synthesizing a novel thermoset bio-resin form glycerol and lactic acid (GLA)
 11

. 

This thermoset bio-polymer with 78% bio-based content has thermal and mechanical 

properties that can be compared to synthetic polymers from petroleum resources. The resin 

has low viscosity (1.09 Pa at RT and 0.3336 Pa at 70°C) and relatively high Tg (97°C) 

compared to the thermoset PENTA- PLA (7000 Pa at RT and 4 Pa at 80°C) which make the 

GLA easy for processing composites (impregnation into long fibers). In this study, this 

thermoset bio-resin was reinforced with multi wall carbon nanotubes (MWCNTs) in order to 

obtain improved mechanical and /or thermal properties. 

 
Fig. 2 Classification of biopolymers

5  

 

Fig.3 Current and emerging (partially) bio-based plastics and their biodegradability
24
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1-4- Carbon nanotubes (CNTs) 

Carbon nanotubes (CNT) are phenomenal nanoscale hollow carbon tube form with high 

aspect ratio and specific surface area
 (25, 26)

, and consequently these nanotubes are lightweight. 

Due to their graphitic structure, CNTs demonstrate high thermal and electrical conductivity or 

semi-conductive
27

.
 
At the same time, the CNTs also have desired mechanical properties such 

as high rigidity and strength, due to their high aspect ratio, their strong chemical structure, and 

other reasons 
(28, 29)

. Thus, CNTs possess several significant features compared to 

conventional fibers which make them as an excellent high performance alternative 

reinforcement in multi-functional material industry. Despite these distinct properties, still 

CNTs are not used widely as reinforcement in thermoset polymer matrix composites due to 

irregular dispersion of CNTs in bulk phase thermoset polymer and interfacial adhesion. 

 

High specific surface area (SSA) increases the Van der Waals interactions between the 

nanotubes, therefore the individual CNTs have tendency to stick together and make small 

groups, called agglomerate. The composite fails to transfer the mechanical stress created by 

applied load when the CNTs agglomerate and the composite breaks easily by applied load. 

The CNTs might not be used efficiently in this case. For this reason, the even distribution of 

CNTs is important to improve mechanical properties of the polymer.  

 

In this study multi wall carbon nanotube (MWCNT) was reinforced in the thermoset bio-resin 

GLA. MWCNT has significantly lower SSA (200 m
2
/g) and aspect of ratio than the single 

wall carbon nanotube (SWCNT) (<1300 m2/g).  The Low SSA in MWCNTs leads to a much 

better dispersion but it has a lower mechanical properties due to the weak Van der Waals 

attraction between the concentric layers leading to lower mechanical stress transferring 

efficiency. 

 

Despite many investigations to use the CNTs as reinforcement in different thermoset resins, 

especially the epoxy, finding a proper CNT dispersion method to achieve significant 

reinforcing effects is still a big challenge
34

. In this study, GLA was reinforced with MWCNTs 

to investigate the influence of the dispersion methods (HSM and US) and the concentration of 

MWCNTs in polymer on the mechanical and thermal properties of GLA-based 

nanocomposites. 
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2-Experimental 

2-1-Materials  

The thermoset bio-resin Glycerol-Lactic acid was reinforced with MWCNTs (supplied by 

Sigma-Aldrich, Purity: >98%, MWNT: 99%, Outer Diameter: 6.0-13.0 nm, Average 

Diameter: 8.7 nm-10 nm, Inner Diameter: 2.0-6.0 nm, Length: 2.5-20 μm, Average Length: 

10 μm Surface Area: 216 m
2
/g). The MWCNTs and GLA was mixed by high power disperser 

and then the obtained mixture was cured by using  dibenzoyl peroxide (75% in water, Merck-

Schuchardt, Germany) and N, N-dimethylaniline (99%; Sigma Aldrich, USA) as  initiator and 

accelerator respectively. To synthesize the GLA resin, glycerol and lactic acid were u 

To synthesize the GLA, first, glycerol (99.5%; Scharlau, Fisher Scientific, Sweden) and L-

lactic acid (88–92%; Sigma-Aldrich, UAS) were used to prepare the telechelic prepolymers. 

Later, these bio-based oligomers were end-functionalized by the methacrylic anhydride (94%; 

Alfa Aesar). During the different steps of the resin synthesis the toluene (99.99%; Fisher 

Scientific, Sweden), the hydroquinone (99%; Acros Organics, Fisher Scientific, Sweden), and 

the methane sulfonic acid (> 98%; Alfa Aesar), were used as solvent, catalyst, and stabilizer 

respectively. 

2-2-Glycerol-lactic acid thermoset bio-resin Synthesis 

The resin is synthesized in two main steps: First glycerol-lactic acid oligomers are synthesized 

though a direct condensation polymerization and secondly the obtained oligomers are end-

functionalized by methacrylic anhydride (See Fig.4)
11 

. 

 
Fig.4 Synthesis of methacrylate functionaized glycerol-lactic acid resin (GLA) 11 

 

To synthesis the GLA, first, the water content of the lactic acid was removed by using a rotary 

evaporator connected to a vacuum pomp (2 h at 90 °C). In the next step, glycerol as the core 

molecule of the resin (in 1:3 mole ratio or 92.094: 810.72 mass ration of glycerol: lactic acid), 

toluene as solvent (e.g. 100 g for 30 g glycerol), and 0.1 wt. % of methane sulfonic acid (as 

catalyst) were added together with lactic acid in a three-necked round-bottom flask that has 

glycerol equipped with a nitrogen inlet. An azeotropic distillation apparatus was used to 

collect water produced during the condensation reaction. Then under constant magnetic 

stirring glycerol-lactic acid oligomers were prepared though the condensation reaction under 5 

hours by raising the temperature in three different intervals: 2 h at145 °C, 2 h at 165 °C, and1 

h at 195°C respectively. In the last step the temperature was reduced to 90 °C, before the 

stabilizer (hydroquinone 0.1 wt. %) was added to the solution. This was followed by end-

functionalizing the glycerol-lactic acid oligomers with methacrylic anhydride (MAAH) which 

was added drop-wise for approximately 4 hours with constant stirring under stable 

temperature of 90 °C. To avoid starvation of MAAH and functionalize all the arms (lactic 

acid) in the glycerol-lactic acid oligomers (G-LA), the MAAH was added in 1: 3.3 mole ratio 

of GLA: MAAH (740.62 g: 508.73 g mass ratio). At the end, the eventual residues (toluene, 

water, methacrylic acid, etc.) from the final polymer were removed using the rotary 

evaporator (4 h, 90 °C, constant stirring). 
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2-3-Dispersion methods 

The samples were prepared in small glass bottles. Known amounts of the MWCNTs and the 

GLA were added to the empty bottles and then dispersed by using high power dispersion 

methods as below. Four samples were prepared for each method, a neat resin and three 

samples containing 6 g resin each and 0.3 wt. %, 1.0 wt. %, and 2.0 wt. % MWCNT 

respectively.  

 

2-3-1-Ultrasonication (US) 

The ultrasonic instrument used in this study was Sonorex (RK103H, supplied by BANDELIN 

electronic, Germany) which is a high-power ultrasonic cleaning bath for aqueous cleaning 

solutions with an operating volume 2.7 liters, ultrasonic frequency 35 kHz, ultrasonic nominal 

output 140 W (peak output 560 W). To prepare the Sonorex for this experiment, 1/3 of the tub 

was filled with tap water and the temperature was set to 40 °C. The prepared samples were 

closed with plastic lids and placed in the tub. The ultra-sonication was run for 1 hour with an 

alternating pulse of 5 min on/2 min off. Although the Sonorex has a built-in heating and it 

supposed to adjust the temperature thermostatically from 30 to 80 °C but due to the rapid 

temperature rising rate (caused by sonication energy) 

the thermostat was not able to adjust the temperature, 

so the temperature was controlled manually at each 

rest time (2 min off) and cold water was added as 

needed to keep the temperature between 40-60 °C. 

According to the Data sheet, the Sonorex has the best 

(cleaning) effect at 60 °C and the higher temperature 

may reduce the effectivity. It should be noticed that 

the Tg for the GLA is about 97 °C and high 

temperatures around Tg may have undesirable effects 

on the resin.  
        Fig. 5 Sonorex RK103H

43 

 

2-3-2-High Speed Mixer (HSM) 

 The high speed mixer Turrax (T25 digital ultra Turrax, 

supplied by IKA-Werke, Germany) was used to mix the 

CNTs with GLA. This unit with a motor rating output 500 

W, speed range from 3400 to 24000 rpm, and permissible 

ambient temperature 5 to 40 °C is appropriate to 

homogenize volumes from 1 to 2000 ml (H2O) with max 

viscosity 5000 mPas, and dispersion tasks under vacuum / 

pressure.  

Since the dispersing duration time (t), the dispersing shear 

force range (F), and the viscosity of the substances are 

three crucial parameters in dispersion by HSM, three 

different combinations of these factors were investigated 

to disperse the MWCNTs in the GLA : 
Fig. 6 T25 digital ultra Turrax

44 
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1. As the first trail, the Turrax was run 1 hour at room temperature (RT) with a gradually 

ascending speed range. At start the unit was set to the lowest speed 3400 rpm, and then 

gently, every 10 minutes, was raised to 5000, 10 000, 15 000, 20 000, and 24 000 rpm 

respectively.  

2. In the second attempt, the Turrax was set to the medium speed range, 15 000 rpm, the 

mixing duration was decreased to 30 minutes, and the dispersion was done in a warm 

water bath (70-80 °C) to reduce the GLA viscosity (thereby increase the dispersion rate). 

The Tg of the GLA is about 97 °C, so the dispersion temperature kept well under that 

(approximately 70 °C) to avoid over heating the mixture caused by both the shear force 

and the water bath.  

3. The third trail was performed at room temperature in a lower dispersing duration, 10 

minutes, and at a lower speed, 10k rpm.  

 

2-3-3-Combined method: US & HSM  

In the final attempt a combination of the third trial in HSM and the US was used to disperse 

the CNTs in the GLA. The idea was to break down the larger agglomerates of CNTs before 

running the US. Large agglomerates in the composite leads to undesirable mechanical 

properties. Therefore, the strong shear of HSM was used in the beginning at lower speed 

range (10 000 rpm) and low duration time (10 minutes) to decrease amount of the 

agglomerates, and later the mixtures underwent US dispersion for 1 hour and pulse (5 minutes 

on / 2 minutes off) at 40-60 °C. The observations in this trial were similar to that of the 

samples from the second trail. 

 
Fig. 7 The rotor-stator principle of the IKA T 25 digital ultra-turrax dispenser 

45 

 

 2-4-Composite preparation 

The Curing behaviors of the prepared samples from the above dispersion methods were 

investigated to fabricate the MWCNT/GLA nanocomposite. First the samples were left at 

room temperature after mixing for 20-30 minutes to reduce their temperature, and then the 

initiator, 2.0wt. % of dibenzoyl peroxide was added to each dispersed sample and mixed 

mechanically. For the neat resin, the initiators are quite low active at room temperature as the 

cross-linking processes was very slow. The extreme heat can activate the initiator quite fast 

and gives a quick cross-linking, but it could cause bubble formation in the cured resin. Instead 

of the heat, addition of small amounts of accelerator at room temperature will activate the 

cross-linking gently, while the bubbles have enough time to leave before the resin is 

completely cured. Therefore, right after the initiator, the accelerator, 0.5 wt.% of N, N-

dimethylaniline was added to the samples and mixed quickly (less than 15 second), and 

straight away, were poured into the rectangular molds (80 x 15 x 2 mm). To prevent or 

decrease the bubbles in the composites, after addition of the hardener, all the samples were 

left at room temperature for 1 hour. The post-curing was performed in an electric heated oven 

(Termaks, TS8056) at 150 °C for 1 hour. And finally, the post-cured composites were 
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polished with medium and fine sandpaper to obtain flat samples with smooth surface and 

edges.  

2-5-Characterization  

2-5-1-Samples and Dispersion methods 

This study was conducted to reinforce MWCNTs in the new thermoset biopolymer, GLA. The 

primary objective of this study was a general observation in the mixing potential and the 

dispersion behavior of the MWCNTs in this new thermoset bio-resin. Therefore, in this study, 

the dispersion of the MWCNTs in the GLA was carried out using a simple dispersion method, 

in ordinary condition, and without any pre-treatment or chemical functionalizing. Among the 

various methods and techniques that are used to disperse nanoparticles in the polymer 

matrixes,  especially epoxy, ultrasound (US) and high speed mixer (HSM)
 
are the simplest 

and most commonly used methods
(30, 31)

. For this reason, these two methods were investigated 

to disperse the CNTs in the GLA. 

As it mentioned before, due to CNTs high tendency to agglomerate in polymer matrices, 

finding an optimal concentration of CNTs as the reinforcement is a big challenge
34

. Thus, 

high concentrations of MWCNTs lead to high agglomeration rate and thereby low dispersion 

efficiency and undesired properties
35

. For that reason, in this study, the MWCNTs were used 

in low concentrations which include 0.3 wt. %, (had the best dispersion in previous study with 

the epoxy 
36

), 2.0 wt. % (had best impact properties in previous study with the epoxy 
36

) and 

1.0 wt. % (as a moderate concentration to observe the improvement in dispersion and 

properties compared to the increasing rate in concentration). Among various thermosets 

polymers, epoxies are the most studied thermoset resin in terms of dispersing potentials and 

impacts of the CNT reinforcement in thermoset composites
35

. Therefore, the selection of the 

dispersion methods and MWCNT concentrations for this preliminary study was based on the 

results obtained from similar experiments with epoxy
 (27, 35-39)

. 

 

Bending test, thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) 

were performed to characterize the obtained nanocomposites and study the impacts and 

eventual influences of the MWCNTs on mechanical and thermal properties of the 

nanocomposite. A neat cured sample of GLA (reference) was prepared and analyzed as well. 

Due to the curing dynamics difficulties that will be described later, rectangular specimen with 

2.0 wt. % of MWCNT for bending test was not prepared in this study. For this concentration, 

only the TGA and the DSC tests were performed. 

2-5-2-Bending test:  

To characterize the flexural strength of the GLA nanocomposites, bending tests was run by 

using a H10KT (Tinius Olsen, USA). Due to the very brittle nature of the prepared samples 

the machine was set to a crosshead speed of 5 mm/min. The load cell used was 5 kN. The 

samples had a dimension of roughly 85 x15 x2 mm. The distance between the holders was 

adjusted at 64 mm. The test was performed for the neat cured GLA and the MWCNT/GLA 

composite with two different nanotubes concentrations (0.3 wt. %, 1.0 wt. %). At least 4 

samples for each concentration of MWCNT were tested. 
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2-5-3-Thermogravimetric analysis (TGA) 

Thermal stability of the cured GLA and the MWCNT/GLA composites were analyzed using 

TGA Q500 (TA Instruments, supplied by Waters LLC, New Castle, USA). The test was run 

in a temperature range (from 20 to 650). The inert medium was created during the tests using 

nitrogen and at the end of each test the air was used both to purge the system and to cool 

down the temperature (to the initiate temperature, 20 C). The specimens had an initial weight 

of 11-12.5 mg. Before running the tests, the platinum sample holder was cleaned by direct 

flame and then the instrument was calibrated (tare the balance) for each test. The test was 

performed on the neat cured GLA and three composites consisting of 0.3 wt. %, 1.0 wt. %, 

and 2.0 wt. % MWCNTs. The thermogravimetric weight loss curve and the derivative weight 

curve were analyzed.  

The temperatures corresponded to the mass loss of 5 wt.%,  10 wt.%,  50 wt.%, 90 wt.%, and 

the residual origin vid 560°C were noted from the obtained thermogravimetric curve, and also 

the temperatures corresponded the top degradations were noted from the derivative wt.% 

curve. 

2-5-4-Differential Scanning Calorimetry (DSC) 

To study the influences of the fiber loadings (MWCNTs) on the thermal behavior of the GLA 

nanocomposites, the DSC test was performed for all the samples on a TA instrument, DSC Q 

2000 (Waters LLC, New Castle, DE). The temperature was set to a heating-cooling cycle 

from 20 to 200°C with a rate of 20°C/min. The nitrogen was the inert medium and the air was 

used as the purge gas. The samples used in DSC test were small (7-8 mg) pieces from the 

bending samples. Aluminum pans with lids were used to place the samples in the instrument.  

The exothermic peaks and Tg improvements were investigated using the data obtained from 

the second heating-cooling cycle. 

3-Results and discussions  

3-1-Dispersion  

The early observations from the dispersion of the MWCNTs in the GLA showed that the 

MWCNTs distributed throughout the GLA. Due to the dark color of the mixture, the 

improvement in the dispersion was not detectable with naked eye, but, the following points 

were some general observation: 

- In all of samples, the MWCNTs were not dispersed perfectly and some of the MWCNTs 

were still unmixed remaining on the bottom of the bottles in the form of MWCNTs 

agglomerate, especially in the samples with higher concentration of the MWCNTs, even 

after 1 h mixing duration.  

- In all samples, the viscosity increased relatively and proportional to their MWCNT 

contents: the higher the amount of MWCNTs, the higher the viscosity. This effect was 

more detectable in the samples obtained from the HSM and the samples with 2.0 wt. % 

MWCNTs obtained from the US.  

- For the samples dispersed by US, it seemed more uniform from 15th-20th minute and no 

specimen coagulated (fully agglomerated) as the mixing process continued up to 1 hour. As 

it is mentioned before, the viscosity increased partly by increasing the CNTs content, but it 

was considerably higher for the sample with 2.0 wt. % MWCNTs than the other 

concentrations.  
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- In samples obtained from the HSM, it seemed that the MWCNTs dispersed in the GLA 

between 10th to15th minute from the start and at a speed range of 10 000-15 000 rpm. It 

was also observed that the bottles getting warm at this time and speed range. 

- Some of the samples from the HSM fully agglomerated (coagulated) during the dispersion 

process. This occurred on most of the samples with 2.0 wt. % MWCNTs. This was noticed 

on some of the other samples with lower MWCNTs content especially when the mixing 

took place at high speed range and /or in a long mixing duration.  

 
According to these observations, the HSM and the US were effective methods at low 

processing time and low shear forces. An initial dispersion was achieved in all the samples 

but this dispersion wasn’t stable; as the process continued, viscosity increased and some 

specimens coagulated during the mixing process. The explanation of this phenomenon should 

be sought in the influences of the crucial processing parameters on the MWCNTs. The crucial 

processing parameters considered in this experiment are the shear forces introduced by the 

HSM (resulting from the mechanical acceleration and the high turbulence currents between 

rotor and stator) and the US (the bubbles blasting and the turbulence currents caused by 

vibrational sound), and the heat (resulting from the shear forces and the exothermic curing 

reactions). 

Although these high shear forces are strong enough to overcome the adhesive interactions 

(like Van Der Waals forces which are responsible for the agglomeration) and disperse the 

MWCNTs in the GLA, but using inappropriate shear forces and duration can increase the 

kinetic energy of the particles leading to reduction in repulsive interactions (electrostatic and 

steric interactions) which decrease the stability of the initial dispersion and results in more 

agglomerate. This re-agglomeration appears in form of increasing viscosity or fully 

coagulation, dependent to the dispersing method and the concentration of the MWCNTs.  This 

shear-induced agglomeration is consistent with colloidal theory
40

 and has been reported in 

some experiments in very low concentrations of MWCNT (0.01 wt. %) to investigate 

formation of conductive network of MWCNTs 
41

 and Carbon black 
(32, 33)

 in epoxy. 

 

3-2-Composite fabrication 

The major challenge in nanocomposite preparation was the pouring of the mixtures into the 

molds after the addition of the hardener. As it described before, the addition of the curing 

reagent to the samples should start cross-linking gradually. But in this experiment, right after 

the addition of the hardener they became stiff or solidified really fast, so that one has not 

enough time to pour the mixture into the mold. 

In the curing process, the temperature is the crucial processing parameter that influences the 

dispersed MWCNTs. Addition of the curing agent and starting the exothermic reactions 

generate heat and increase the temperature locally that in turn both reduces the viscosity and 

increases in the kinetic energy of the MWCNTs leading to a rapid local 

dispersion/destabilizing and consequently a rapid MWCNTs agglomeration. Further, the 

addition of the hardener partly changes the ionic strength
46

 leads to reduction in the repulsive 

potential that associates with the high temperature to induce the rapid local agglomeration. 

The established result from the investigations and observations on the temperature dependent 

agglomeration of the MWCNT 
41

 and CB 
(28, 45)

 in epoxy supports well with our results.  This 

temperature- induced agglomeration (which causes higher viscosity), and the process-induced 

energy (from the previous stage which increases the kinetic energy and consequently activates 

the cross linking faster), work together and cause the undesired curing dynamics such as the 
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rapid solidification of the mixture leading to the time shortage in mixing the hardener 

properly and the difficulties to pour the mixture into the molds.  

Depending on the temperature, the properties of the applied MWCNTs (especially specific 

surface area, and conductivity), the concentration of the MWCNTs, the viscosity of the matrix 

and the process-induced energy of the dispersion, this induced agglomeration can growth 

slowly or very fast. Therefore, the quick curing behavior was not similar in all the samples: 

 

A. The samples obtained from the HSM, and the combined method (HSM & US) had a very 

quick hardening. Once the hardener was added to these samples, they either stuck in the 

bottles before being poured into the molds or hardened in their way out to the molds. 

Considering to the higher viscosity and the coagulation in the samples obtained from the 

HSM, it seemed that the direct mechanical shear forces by HSM induced more kinetic 

energy to the system than the vibrational sound forces generated by US, even during a 

short processing time. This was more detectable in nanocomposite preparation. Figure 8 a 

was a sample of 0.3 wt. % MWCNTs dispersed in the GLA using the HSM just 5 minutes 

at 9000 rpm. As it shows the shear-induced kinetic energy and consequently the induced 

agglomeration was so high that the sample hardened in its way out to the molds once the 

hardener was added to the samples. Therefore, none of the samples obtained from the 

HSM could be used to fabricate samples for bending test. 

 

B. The samples obtained from the US had also a tendency to cross link fast at presence of the 

curing agent, and consequently it was difficult to pour the mixture into the mold. For the 

samples with lower content of MWCNTs (0.3 and 1.0 wt. %) which had lower viscosity, 

it was possible to pour them into the molds after the addition of the hardener, but the time 

needed to mix the hardener was still critical; and it required being quick otherwise the 

mixture could be stuck in the bottles in less than 2 minutes. 

 

C. For the sample containing 2.0 wt. % of MWCNTs obtained from US, the rapid curing in 

addition to the very high viscosity (as a result of high CNTs content and consequently 

high shear-induced agglomeration) made it very difficult to pour them into the molds. For 

this reason, it could not be used to fabricate sample for bending test. Instead, right after 

the ultra-sonication, the warm mixture (which had a lower viscosity), was poured into a 

small aluminum disposable rounded mold (easy to remove the cured composites). Then 

the curing and post-curing process was carried out as it described before in the aluminum 

disposable mold. In this way, a GLA composite reinforced with 2.0 wt. % of MWCNTs 

was obtained for TGA and DSC tests. 

  

 

To prevent this undesired curing in the samples with 1.0 wt. % and 2.0 wt. % of the 

MWCNTs obtained from US, the curing parameters such as temperature, waiting time, 

amount of the hardener and/or the accelerator was modified as follows:  

 

1. No accelerator: Only initiator was added to the dispersed sample and poured into the 

mold. After 1 hour at room temperature (RT) the sample was placed in the oven (150°C) 

for 10 minutes and then again at RT for 2 days, and finally 1 hour at 150°C. The obtained 

composite was not quite stiff and still was little sticky with many bubbles (See fig. 8 b) 

 

2. Adding accelerator drop-wise in the mold: Only initiator was added initially to the 

dispersed sample and poured the entire content into the mold. Then, the one drop of 

accelerator was added in the middle of the sample (in the mold). The mixture was then left 
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1 hour at RT and 20 minutes at 150°C. This method was repeated one more time but this 

time several drops of accelerator were used along the length of the sample. The obtained 

samples were very thin and fragile in the drops areas and in the edges. The samples 

weren't completely cured in the corners (See fig. 8 c). 

3. Varying amount of accelerator and initiator: Different combination of accelerator (0.1 

wt. %, 0.2 wt. %, 0.3 wt. %, and 0.4 wt. %) and initiator (0.5 wt. %, 1.0 wt. %,) were tried 

but no significant difference was observed and the viscosity was still high, and still it was 

difficult to pour the mixtures into the molds. Also, the cured samples (regardless if they 

were poured to the mold or cured in the aluminum disposable cups) were still sticky and 

soft with some bubbles which indicated that they weren't completely cured. 

 

Despite the different adjustments in curing procedure to prevent the speedy cross linking, 

unfortunately, the efforts did not stop or slow down the rapid cross linking to prepare samples 

for flexural test, especially for the mixtures obtained from the HSM and the HSM & US. As 

the result, just the samples obtained from US were used to fabricate the composite specimens 

for testing (includes one neat cured sample of the GLA, one sample containing 2.0 wt. % of 

MWCNTs, 4 samples with 1.0 wt. % of MWCNTs, and 4 samples with 0.3 wt. % of 

MWCNTs). All these samples were prepared in rectangular molds with a dimension of 80 x15 

x 2 mm, except the sample with 2.0wt. % of MWCNTs that was flat round shaped (fig. 8 b). 

 

 
 

As it discussed earlier, the number of the agglomerates, their distribution, and their orientation 

affect the final properties of the nanocomposites. Since the post-curing of the MWCNT/GLA 

composite is performed at high temperature, and considering the agglomeration of the CNTs 

is temperature dependent, therefore, the possible formation of temperature-induced 

agglomerates during the post curing should be studied in further investigations. 
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3-2-Bending test 

The flexural tests were performed on the prepared nanocomposites and the results illustrated 

in the table 1 and trend 1. Due to the big standard deviation, it is hard to state a precise 

comment, but considering to the flexural strength of the neat cured GLA, it can be concluded 

that the addition of 0.3 wt. % MWCNTs to the resin has improved the flexural strength 

partially. Although this may not be an accurate interpretation and more bending test requires 

validating it, but comparing the results from the 0.3 wt. % fiber load with the 1.0 wt. % fiber 

load, it showed that the flexural strength deceased on increasing the fiber load.  

Nanotubes as a remarkable reinforcement with excellent mechanical properties are expected 

to increase the bending properties, but having a significant interaction, adhesion with the 

matrix, homogeneous dispersion of the filler and low agglomeration are crucial parameters to 

improve the flexural strength. These parameters are strongly depending on the composite 

preparation method. Regarding to this study, the bending tests is not enough to confirm the 

mentioned conclusion, rather it requires  further experiments and complementary tests to 

investigate the status of the dispersion and agglomeration to qualify the applied method in the 

composite preparation. As an evidence, the big standard deviation that mentioned before can 

be interpreted that the dispersion method is not sufficiently repeatable because the same 

method and material has led to very different dispersion and consequently very different 

flexural strength for the samples with the same CNT content. Further investigations are 

needed to fully conclude this study. 

 
Table 1 Flexural Strength of neat cured Gla, and GLA based nanocomposte with 0,3wt. % and 1,0 wt. % 

 
Width  Thick  Flexural strength (MPa)   Standard  

Filler (mm) (mm) Sample 1 Sample 2 Sample 3 Sample 4 Deviation 

None (neat resin) 15 2.24 24.36 … … … 

 0.3 wt. % MWCNT 15 2.28 25.26 23.41 59.82 13.26 20.27 

1.0 wt. % MWCNT 15 2.88 13.86 31.07 17.61 6.79 5.49 
 

 

 
Trend 1 Flexural Strength of neat cured Gla, and GLA based nanocomposte with 0,3wt. % and 1,0 wt. % 
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3-3-TGA  
The thermogravimetric curves in figures 9-13 indicate the mixing of the GLA with the CNTs 

had not a big influence on the thermal stability. All the composites behaved similarly and to 

that of a neat resin with negligible differences when it came to thermal stability. The thermal 

degradation temperature seems to increases slightly with increasing the concentration of the 

CNT, but this change is also very small and negligible. The derivative weight curves were 

also analyzed and the trend was different from the previous study. The GLA degradation 

studied previously by Fatimat et al. noted the maximum amount of degradation at the first 

peak (375°C) and the amount of degradation at the second peak (438°C) was lower. But in 

this study, the maximum amount of degradation occurred at the second peak (442-444°C) and 

the first peak (379-382°C) had a lower amount of degradation. It was almost the same for all 

the samples except the one with 2.0 wt. % of MWCNTs. 

According to the American Standard Test Method (ASTM) for compositional analysis by 

thermogravimetric, for thermosets the mass loss from temperature 550°C to temperature 

750°C represent the combustible material content such as carbon. The oxidation of carbon to 

carbon dioxide in this temperature range leads to this mass loss
42

. Therefore, at temperature 

550°C the carbon content of the sample still remains in the residue.  

In this experiment, as it shows in the figure 9, the neat cured resin had 1.0 wt. % residue at 

560°C and it has increased with the increase in the CNT concentration; the composites with 

0.3 wt. %, 1.0 wt. %, and 2.0 wt. %, MWCNT had 2.8 wt. %, 3.9 wt. %, and 5.6 wt. % 

respectively as residual content at the 560°C. The differences between residual value of the 

neat cured resin, reference, and the other samples represent the CNT content of each sample. 

Comparison of these residual values to the neat cured resin and to each other indicates that the 

applied method has been able to disperse the MWCNTs in the GLA, and also the CNT 

content has improved in the samples with increasing the CNT concentration. It should be 

considered that additional tests are needed to determine the critical concentration of the 

MWCNT (the minimum and maximum concentration of MWCNT that can be dispersed in the 

GLA). 

 
 Fig. 9 All the TGA curves together to compare the influences of CNTs in thermal behavior and the residues   
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Fig. 10 TGA thermogravimetric curves of neat cured resin 

 

 
Fig.11 TGA thermogravimetric curves of GLA nanocomposite with 0.3 wt. % 
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Fig.12 TGA thermogravimetric curves of GLA nanocomposite with 1.0 wt. % 

 

 

 
Fig. 13 TGA thermogravimetric curves of GLA nanocomposite with 2.0 wt. % MWCNTs 
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3-4-DSC   
The two main purposes of providing the DCS test were to investigate, whether the influence 

of the MWCNTs affects the curing behavior of the composite, and if the presence of the 

MWCNTs in resin has changed the glass transition temperature. The results illustrated in 

figures 14 and 15 have no exothermic residual in second cycles can be seen which means the 

cross linking was efficient in all the samples and the resin was completely cured.  

Due to the fact that the Tg of GLA doesn't show up so easily in the DSC curves, the DSC tests 

were repeated once more in the same temperature ramp but with a lower heat rate (10C/min) 

to investigate eventual changes of the Tg. Unfortunately, no significant changes were detected 

in the obtained DSC curves. However, small fluctuations were detected in either first or 

second cycle in all the samples that was marked in the figures 14-16 and mentioned in table 2.  

According to the size of these fluctuates and their locations on the curves, it is hard to tell if 

they are Tg. Considering that they were found in the neat resin as well, it can be concluded 

that these are more of molecular movements than being the Tg. 

 

 
Fig. 14 DSC tests for the neat cured resin and the GLA nanocomposites with 0.3, 1.0, and 2.0 wt. % MWCNTs 
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Fig .15 DSC tests for the neat cured resin and the GLA nanocomposites with 0.3, 1.0, and 2.0 wt. % MWCNTs 

 

 
Fig. 16 distribution of the fluctuates (molecular movements) points in the DSC 

 
Table 2 distribution of the fluctuates (molecular movements) points in the DSC curves 

 

 

 

 

 
 

 

 

 

 

Resin                                                             132°C                  154°C     160°C 

0.3wt. %  92°C      149°C    

1.0wt. %                                                                                      155°C  159°C     169°C 

2.0wt. %     125°C     169°C  



 

 19 

 

4- Conclusions  
 

Observations in this study clearly indicate that the MWCNTs can be dispersed in the bio-resin 

glycerol-lactic acid using dispersion methods such as HSM, US and combination of both. 

Mixing leads to an initial dispersion of the MWCNTs in the GLA, but the dispersion 

efficiency highly depends on the weight fraction of the MWCNTs (C), the processing 

temperature (T), the shear forces (F), and the process duration (t). The induced kinetic energy 

and heat from the applied intensive shear forces, and the exothermic curing process cause re-

agglomeration which appears as the increasing viscosity or coagulation during the dispersion, 

or undesired curing dynamics after addition of the hardener (speedy curing, rising viscosity, 

sticking the samples in the bottles, etc.). These make the pouring of the mixtures into the 

molds very difficult. Thus these dispersion methods needed to be optimized. Furthermore, 

complementary investigations are necessary to investigate the upper and lower limits in 

MWCNTs concentrations and defined the critical concentration of the MWCNTs in the GLA. 

 

The DSC test indicated that the MWCNTs/GLA nanocomposites were totally cured and the 

TGA confirmed the GLA has a potential to disperse the MWCNTs and the MWCNT content 

increases in the GLA with increasing the CNT concentration from 3.0 wt. % to 2.0 wt. %. 

However, the final reinforced composite didn’t demonstrate considerable improvements in 

thermal properties compared to the neat cured resin.  

 

The results from the bending test indicated, to some extent, that the samples with 0.3 wt.% of 

MWCNTs exhibit a slight improvement in flexural strength but a significant reduction in 

flexural strength occurs by increasing the fiber load to 1.0 wt.%. Although the results from the 

bending test have a big standard deviation, but it can be attributed to the eventual shear-

induced and/or temperature-induced agglomerates. 

It should be considered that the interpretation of the thermal and mechanical properties and 

behaviors mentioned above are strongly dependent on the quality of the dispersion, 

agglomeration rate and their location and orientation in the composite. Due to lack of 

dispersion quality test in this study, additional tests require to verify the obtained results. 

 

At the end, it is re-emphasized that this study indicated mostly that the GLA has the tendency 

to disperse the MWCNTs, and the HSM and the US can make an initial dispersion of 

MWCNTs in the GLA, but further investigations are necessary to optimize the critical 

parameters (C, T, F, and t) to produce a well-dispersed MWCNTs/GLA nanocomposite. 

Further,  to explain the puzzling experimental results and to qualify these dispersion methods, 

complementary studies are necessary to investigate the nature of interactions of the MWCNT 

in the GLA (such as electrostatic interaction, interface adhesion, Van der Waals force and 

steric forces) that could be effected by the heat or the shear forces.  
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