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Abstract 

This research aims to decrease the concentration of carbon nanotubes (CNTs) needed for 

enhancing the mechanical and thermal properties of acrylonitrile butadiene styrene 

(ABS)/CNTs nanocomposites using the recently introduced Electromechanically-Dispersion 

Technique (EMDT). EMDT efficiently disperses CNTs’ agglomerations, preventing 

structural damage. Nanocomposites with various CNTs concentration were produced with 

EMDT, followed by injection molding to provide tensile strength, thermal conductivity, and 

impact resistance samples. Raman and differential scanning calorimetry (DSC) assessed 

CNTs dispersion, revealing successful dispersion up to 0.2 wt.% without structural damage. 

At this concentration, the tensile strength improved to 47.08 MPa, showing an increase of 

approximately 17.5%, and the thermal conductivity significantly increased to 0.29 W/mK, 

reflecting a 46% improvement. These results surpass those achieved by traditional dispersion 

methods, where 10 times the CNT concentration was required to reach similar enhancements. 

Higher injection temperatures and holding pressures improved CNTs alignment and reduced 
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entanglement, enhancing properties. However, no additional improvements were observed 

beyond 0.2 wt.%. These findings highlight EMDT's potential in creating high-performance 

nanocomposites with significantly lower CNTs concentrations. 

Highlights  

• Utilization of the novel EMDT dispersion method in nanocomposite preparation 

• Overcoming hindrances to commercialize CNT-based polymeric nanocomposites 

• Reducing the required CNTs concentration to attain significant properties 

• Improving tensile strength of ABS by ~17.5% with just 0.2 wt.% of CNTs 

• Remarkable 48.4% increase in ABS thermal conductivity with just 0.2 wt.% of CNTs 

Keywords: Electromechanically-Dispersed Technique (EMDT)/ Melt mixing/ 

CNTs/Dispersion/ Acrylonitrile Butadiene Styrene (ABS). 

1. Introduction 

Polymer-based nanocomposites hold a distinct position in the modern world due to their 

exceptional characteristics [1, 2]. Within this domain, carbon nanotubes have garnered 

considerable attention as fillers for their capacity to simultaneously enhance mechanical, 

thermal, and electrical properties of polymers [3, 4]. This prominence has facilitated the 

industrial-scale production of these nanoparticles [5, 6]. A challenging aspect associated with 

these nanoparticles is the strong van der Waals force between them, resulting in the creation 

of bundles and agglomerations [7, 8]. Consequently, an efficient process is imperative for 

their separation and dispersion [9]. For this purpose, several methods focus on the utilization 

of high shearing force, including ultrasonic waves on a laboratory scale or the extruder 

process for industrial applications [10, 11]. Each method comes with its own advantages and 

disadvantages, which will be discussed below. 

In the mass-production approach adopted by industries, the creation of nanocomposite 

granules and their subsequent transformation into parts involves three main stages: pre-
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mixing, melt mixing (extrusion), and the forming process [12, 13]. Stage (I), Pre-mixing 

encompasses mechanical blending, physically combining nanoparticles with pure polymer 

granules [14, 15]. This step presents a challenge during the extrusion process [13], primarily 

due to the size difference between polymer granules and nanoparticles, leading to difficulty 

in achieving a homogenous mixture for melt mixing [16]. To achieve uniform blending, 

researchers have employed various techniques, including granule crushing and size 

adjustment to align with nanoparticle agglomerations [17]. However, in the case of 

compounds containing carbon nanotubes (CNTs), this step has limited impact on 

agglomeration size [17]. Another explored approach at this stage involves creating a CNT 

suspension through ball milling with a solvent, followed by dissolving polymeric granules in 

this solution [12, 18]. Noteworthy is the focus of this method on fragmenting CNTs via ball 

milling. An important consideration with this approach is the potential fragmentation, 

structural damage, and shortening of CNT lengths caused by the milling balls [19]. 

Stage (II) involves melt mixing, where the mixture prepared in step (I) undergoes processing 

using an extruder to generate nanocomposite granules. Throughout this operation, the 

nanotubes undergo significant damage and experience a substantial reduction in length due 

to the application of high shearing force [20]. Conversely, the most notable attribute of 

nanotubes that has garnered considerable attention is their aspect ratio, denoting the ratio of 

their length to their outside diameter [21]. The significance of this characteristic is further 

underscored when dealing with nanocomposites aiming to enhance mechanical strength, 

thermal conductivity, and electrical conductivity simultaneously. Therefore, it is of utmost 

importance for the aspect ratio to remain as close to its initial value as possible [22]. Despite 

the mentioned drawbacks of the extrusion process, it continues to be one of the primary 

methods for industrial-scale nanocomposite production due to its capacity to achieve high 

production volumes efficiently and cost-effectively [22]. 

Stage (III), Nanocomposite granules produced through extrusion are mainly employed in the 

manufacturing of industrial and practical parts using the injection molding method. This 

process, similar to extrusion, not only negatively impacts the structure of CNTs but also leads 

to their partial orientation and agglomeration during the injection process [23], thereby 

significantly influencing the mechanical, electrical, and thermal properties of CNTs [22]. 
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A novel method called Electro-Mechanically Dispersion Technique (EMDT) has recently 

been developed to disperse CNTs within a liquid medium, relying on the electric field to 

align the CNTs [23]. The high-frequency variation in the electric field leads to the 

reorientation and vibration of CNT agglomerates, while the surrounding fluid applies stress 

on the CNTs, ultimately causing the disentanglement of the CNTs. In this method, the amount 

of applied stress is not high enough to damage the CNTs’ structure, nor is it sufficient to 

separate the CNTs directly. However, the frequency of the applied shear stress induces a 

mechanical fatigue phenomenon between CNT-CNT van-der-Waals interactions, which 

consequently leads to their dispersion. Therefore, unlike traditional dispersion methods that 

subject CNTs to considerable shear forces, EMDT shifts the mechanism from dispersion by 

high shear force to mechanical fatigue, allowing it to preserve the length and structure of the 

nanotubes [23]. Moreover, EMDT is an energy-efficient process that requires significantly 

lower operational energy compared to high-energy techniques, eliminating the need for 

prolonged ultrasonication or high-temperature processing. Operating at room temperature, it 

employs environmentally friendly processing conditions, making it a sustainable approach 

that aligns with green manufacturing practices and industrial scalability goals [23]. 

For the first time, this study applies EMDT to produce ABS/CNT nanocomposites, followed 

by injection molding. This approach enables investigation of the combined influence of 

EMDT and key injection molding parameters on the mechanical and thermal properties of 

the nanocomposites. Specifically, the effects of CNT concentration, molding temperature, 

and holding pressure are considered as variables, each carefully examined. It is expected that 

this novel dispersion method, by protecting CNTs' structure and length and considering key 

EMDT parameters under optimal conditions, will reduce excessive CNT concentrations 

traditionally required, achieving unprecedented improvements in mechanical and thermal 

properties. 

 

2. Materials and Methods  

2.1. Materials 

The multi-walled carbon nanotubes (MWCNTs) synthesized through the process of chemical 

vapor deposition (CVD) were purchased from NanoAmor (Texas, US). These MWCNTs 
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possess an outer diameter (OD) ranging from 30 to 50 nm, an inner diameter (ID) ranging 

from 5 to 15 nm, a length of 10 to 20 µm, a purity exceeding 95%, a density of 2.1 g/cm³, an 

aspect ratio ranging from 200 to 666, and a surface area from 90 to 120 m²/g.  

As for the polymer matrix, ABS graft phases with butadiene and styrene acrylonitrile (SAN) 

in powdered form were utilized (SV0157-Tabriz Petrochemical Co). The polymer matrix 

underwent extrusion and was subsequently transformed into granules. The average sizes of 

the SAN phase and polybutadiene (PB) phase are 100 µm and 200 µm, respectively. A 

microscopic depiction of this powder can be found in the Supplementary Information section, 

specifically in Figure S1, along with its detailed characteristics tabulated in Table S1. 

 

2.2. Specimens and Fabrication Method 

First, both the CNTs and the polymer matrix were dried at 85 °C for a duration of 2 hours 

within an oven. Following this, they were combined at varying concentrations of 0.1%, 0.2%, 

and 0.3 wt.% of CNTs. The mixture was then placed into one-third of a 3-Liter jar. 

Subsequently, the jar was positioned onto a ball milling machine and processed for a duration 

of 12 hours at a speed of 60 rpm. The unfilled section of the jar was deliberately left open to 

facilitate unimpeded movement of the materials within, thereby promoting collisions 

between the CNTs and the other components. Notably, during this stage, no balls were 

utilized to prevent any impact on the length of the CNTs that could arise from breakage. 

Instead, it was anticipated that the presence of spherical butadiene SAN would serve a 

comparable purpose as the balls, with minimal or no adverse effect on the CNT length. 

Following this, to eliminate any absorbed moisture, the blends were maintained in the oven 

at 85 °C for an additional 2 hours. 

Subsequent to this, acetone (with a purity of 99.8%, sourced from Dr Mojallali Industrial 

Chemical Complex Co.) was added to each of the ABS/CNTs mixtures in a ratio of 0.1 g/ml. 

These mixtures were allowed to remain at room temperature for a span of 2 hours until 

complete dissolution occurred. This process led to the formation of a relatively uniform 

suspension in which agglomerates of carbon nanotubes were dispersed within a polymer 

solution. The dispersion was achieved utilizing the EMDT process, with parameters specified 



6 
 

in reference [24]. The resultant solutions were then cautiously introduced drop by drop into 

an ethanol medium (with a concentration of 96%, supplied by Dr Mojallali Industrial 

Chemical Complex Co.). This step induced the coagulation of nanocomposite granules [25]. 

Then, the granules were gathered, followed by multiple washings with distilled water. 

Following this, they were subjected to humidification within an oven set at a temperature of 

80°C for a duration of 24 hours. 

 

 
Fig. 1. General schematic of the followed process in this research to produce the samples 
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The samples were produced by Imen machine-Paya injection molding machine. In this step, 

injection temperature and holding pressure were considered as variable factors, while other 

parameters, including loading pressure 90 bar, cooling time 15 s, injection time 8 s, injection 

pressure 40 bar, injection speed 54.3 mm/s and mold temperature 70 ºC were kept constant. 

 

2.3. Design of Experiments 

The experiments were designed using the full factorial method, wherein CNTs concentration, 

injection temperature, and holding pressure were considered as the variable factors. The 

experimental layout and the results of each experiment run are presented in Table S2. 

 

2.4. Characterizations  

The morphology of the powder and the injection-molded samples was analyzed using the 

OXFORD Leo 440i scanning electron microscope (SEM) and the TESCAN-MIRA3 field 

emission electron microscope (FE-SEM), respectively. To investigate the samples by FE-

SEM, the nanocomposite granules produced with the EMDT method were frozen using liquid 

nitrogen and subsequently fractured. For further examination of agglomeration formation at 

higher CNT concentrations, the same approach as described in Ref [19] was followed, using 

an Olympus BX61 optical microscope (Olympus Corporation, Japan) equipped with an 

Olympus DP80 camera. To prepare the thin films, the nanocomposites were dissolved in 

acetone and then dripped onto a lamel. Additionally, to investigate the crystallinity and 

structure of the nanocomposites, X-ray diffraction (XRD) analysis was performed using a 

Tongda TD-3700 instrument. 

The thermal properties of the ABS/MWCNT nanocomposite were determined through a 

differential scanning calorimetry (DSC) machine (PerkinElmer Thermal Analysis, DSC 

8000) with a constant temperature change rate of ±10 °C/min under a nitrogen flow at a rate 

of 20 ml/min, covering a temperature range from 40 to 270 °C. DSC thermograms were 

analyzed to assess the impact of MWCNT on the thermal and mechanical properties of ABS 

nanocomposites. Thermal gravimetric analysis (TGA) of the samples was conducted to 

determine their degradation temperatures. The analysis was performed using a Mettler 
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Toledo TGA/DSC 3+ instrument (Switzerland) at a heating rate of 10°C/min under a nitrogen 

(N₂) atmosphere, over a temperature range of 50°C to 750°C 

Additionally, Raman analysis was conducted on the injected samples using a Jobin Yvin S-

3000 device, featuring a resolution of 2 cm-1 and laser characteristics with a wavelength of 

514.5 nm, an effective diameter of 3 µm, and a radiation power of 1 mW. This analysis was 

carried out in both injection and perpendicular to flow directions. To determine the 

coefficient of thermal conductivity, a cylinder with a diameter of 22.58 mm was cut from the 

injected samples using a CO2 laser cutting process. The measurement was carried out using 

a device specifically designed and fabricated for this purpose, following the ASTM D5470 

standard and reference [26]. 

The tensile strength of the samples was measured according to the ASTM D638 standard. 

The measurement was repeated three times, utilizing an extensometer to enhance the 

precision of the tests. The microhardness of the samples was also measured using a Zwick-

ZhV10 device at least ten different points on three samples, according to the ASTM E384 

standard. Impact strength was determined by employing a Santam-SIT-50j machine, 

considering the Charpy method and conducting three repetitions based on the ASTM D6110 

standard. 

 

3. Result and discussion 

3.1. Morphology 

Fig. 2 displays scanning electron microscope (SEM) micrographs of pure ABS powder. The 

presence of PB spheres and SAN grafts is distinctly evident in the image. As initially 

anticipated, these spherical components have the potential to act like light-balls in the small-

scale ball milling process, effectively reducing the entanglement and agglomeration of CNTs 

[12]. 
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Fig. 2. The SEM micrographes of ABS powder at differnt magnifications  :

(a)  20 (b) 30 (c) 50 and (d) 70 X.   

Real images are presented in the Supplementary Information section, Figure S2, showcasing 

the state of ABS/MWCTs before and after light ball milling. These images illustrate that, as 

expected, the dimensions of the agglomerations have significantly reduced after this process. 

Fig. 3 displays FE-SEM micrographs of nanocomposites prepared using the EMDT method 

at different concentrations. It can be observed that at a concentration of 0.1%, there are no 

significant agglomerates. However, at a concentration of 0.2 wt.%, only limited 

agglomerations were observed, and at a concentration of 0.3 wt.%, numerous agglomerations 

with large dimensions were noticed. This indicates that during the EMDT process at high 

concentrations, the majority of agglomerations were attracted to the poles and remained intact 

[24]. This limitation is associated with melt mixing methods. When the concentration 

increases significantly, it becomes challenging to separate and break down the primary 

agglomerations into individual CNTs [27]. Optical microscope images showing 

agglomerations at 0.3 wt.% concentration are presented in the Supplementary Information 

section, Figure S3. 
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SEM microscopices of ABS/CNTs-FEFig. 3.      

EMDT at different concentrationnanocomposites prepared by   :

and d( 0.3 wt a( 0, b( 0.1, c( 0.2 .%.  

 

To further investigate the structural characteristics of the nanocomposites XRD analysis were 

performed and the obtained patterns of MWCNT, pure ABS, and 0.2 wt.% ABS/MWCNT 

nanocomposite are presented in Fig. 4. In curve (a), the sharp peak at 26.01° corresponds to 

the (002) plane of graphitic carbon, confirming the presence of intact and crystalline 

MWCNT structures [28]. This peak is characteristic of the interlayer spacing within the 

MWCNTs and indicates their well-ordered graphitic nature. In curve (b), the broad peak 

observed between 10° and 30°, along with a sharper feature at 19.14°, is characteristic of the 

predominantly amorphous nature of ABS. The broad peak reflects the disordered 

arrangement of polymer chains, while the sharper peak at 19.14° indicates localized ordering 

or short-range crystallinity within the ABS structure [29]. This observation is supported by 

DSC results, which revealed a melting point for pure ABS, confirming the presence of a low 

degree of crystallinity. 
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In curve (c), the peak at 25.33° is attributed to the presence of MWCNTs in the 

nanocomposite. The slight shift from 26.01° in the pure MWCNT pattern may result from 

interactions between the MWCNTs and the ABS polymer matrix [29]. Additionally, the 

peaks at 37.70°, 47.98°, 53.79°, and 55.02° suggest the formation of more ordered crystalline 

regions in the composite. These peaks likely arise from the influence of MWCNTs, which 

act as nucleating agents for polymer crystallization, facilitating the alignment and ordering 

of polymer chains near the MWCNT surfaces. 

The increased intensity and appearance of these peaks in the nanocomposite compared to 

pure ABS indicate changes in the crystallinity of the polymer matrix. The incorporation of 

MWCNTs enhances the degree of crystallinity by providing surfaces for heterogeneous 

nucleation and promoting the formation of ordered polymer domains. This structural 

modification reflects the strong interaction between the MWCNTs and the ABS matrix, 

which alters the overall crystal structure of the polymer. 

 

Fig. 4. XRD patterns of pure ABS, MWCNT, and 0.2 wt.% ABS/MWCNT nanocomposite 

samples. 

 

3.2. Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis 

(TGA) 

The DSC thermograms presented in Fig. 5 were analyzed to investigate the influence of 

MWCNT on the thermal and mechanical properties of ABS nanocomposites. The 
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thermogram clearly demonstrates the impact of incorporating MWCNTs as a filler on the 

thermal properties of the ABS matrix. An evident small peak in the baseline is observed at 

approximately 105 °C, indicating the glass transition temperature (Tg) of pure ABS. This Tg 

is associated with the softening of the SAN copolymer phase within ABS [30]. The peaks 

specified within the range of 200-225 °C correspond to the melting temperature (Tm) of the 

composites [31, 32]. 

Fig. 5 clearly indicates that the CNTs led to an increase in the value of Tm. The main reason 

for this effect is the increase in the attractive force between polymer chains, resulting from 

the surface interaction between the polymer and CNTs. This trend is also observed in the 

case of Tg. It appears that CNTs acted as nucleating agents, leading to an elevation in the 

melting temperature of the polymer matrix [32]. Furthermore, the pronounced affinity of 

CNTs to interact with the polymer matrix hinders the mobility of polymer chains, leading to 

an increase in Tg [31]. 

Additionally, the DSC findings were utilized to assess the dispersion and distribution state 

of CNTs. If the degree of dispersion is high, it leads to an increase in the attractive force 

between nanoparticles and the polymer matrix. Consequently, the melting enthalpy rises, 

requiring more energy to break the bonds between polymer chains. However, the absence of 

dispersion leads to the formation of spatial obstacles within the polymer chain and among 

nanoparticles. This hinders rotation around the polymer chain link, resulting in a reduced 

demand for energy to facilitate heat transfer. Thus, there is a decrease in enthalpy [33]. 

The data obtained from DSC have also been summarized in Table S3. The trend of enthalpy 

increase can be observed from 0 to 0.2 wt.% as shown in Table S3. However, at 0.3 wt.%, a 

notable decrease in its value is evident. At this concentration level, improper dispersion and 

the presence of large agglomerations cause a slight change in the total heat of reaction. Based 

on the results obtained from this analysis, EMDT has successfully dispersed and separated 

nanotubes up to the concentration of 0.2 wt.%
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The TGA results are shown in Fig. 6, with additional details presented in Table S4. The data 

reveal that the onset of thermal decomposition (Tonset) for pure ABS occurs at 360 °C, which 

is earlier compared to the ABS/MWCNT nanocomposites. The Tonset for the nanocomposites 

begins at around 362 °C for 0.1 wt.% MWCNT, and increases to 378 °C, 382 °C for the 0.2 

wt.% and 0.3 wt.% MWCNT composites, respectively. This indicates that the addition of 

MWCNTs delays the onset of thermal decomposition, suggesting enhanced thermal stability 

[29]. 

The maximum degradation temperature (Td,max) for the pure ABS is 456 °C, whereas the 

nanocomposites exhibit slightly higher Td,max values (470 °C for 0.1 wt.%, 463 °C for 0.2 

wt.%, and 467 °C for 0.3 wt.%). This indicates that the presence of MWCNTs further 

improves the thermal stability of the composites. 

 

Fig. 5. DSC analysis of different nanocomposites prepared by EMDT: (a) thermograms and (b) 

zoom on Tg points 
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Fig. 6. TGA graphs of pure ABS and ABS/MWCNT nanocomposites with different MWCNT. 

3.3. Raman analysis 

Raman spectroscopy is widely used to assess the quality of carbon nanotubes. In the case of 

injection-molded samples, conducting Raman spectroscopy in two directions, along the flow 

and perpendicular to it, can determine the level of alignment of CNTs [34]. Fig. 7 depicts the 

Raman spectrum of nanocomposite samples with a concentration of 0.2% under various 

injection conditions. In all spectra, there is a peak at 1002 cm-1, corresponding to pure ABS 

and indicating the vibrational response of the aromatic ring in the styrene part of ABS. The 

characteristic peaks of MWCNTs appear around 1360 and 1600 cm-1, known as the D and G 
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bands, respectively. The addition of nanotubes to the matrix significantly reduces the peak 

intensity of pure ABS [24]. The D band is related to vibrations caused by structural defects 

and is considered the most sensitive peak in Raman analysis for determining the orientation 

of carbon nanotubes [24]. On the other hand, the G band is related to the in-plane vibration 

of the carbon lattice with sp2 hybridization and is less sensitive to orientation [23]. 

The peak intensity ratio (ID/IG) is used as a criterion for assessing the quality of carbon 

nanotubes. An increase in this ratio indicates the presence of nanotubes with high structural 

defects or the presence of amorphous carbon in the sample [24]. Additionally, the intensity 

ratios D||/D⊥ and G||/G⊥ are used to assess the degree of orientation of carbon nanotubes. 

Considering that the major characteristics of nanocomposites containing nanotubes, such as 

mechanical strength, thermal, and electrical conductivity, are significantly influenced by the 

alignment of nanotubes, determining their alignment becomes of utmost importance [35, 36].  

Fig. 7a depicts the Raman spectra of both raw CNTs and ABS/CNTs powder after light ball 

milling. In the case of raw CNTs, the ratio remains 0.98 even after light ball milling, 

indicating that the application of light ball milling did not have any impact on the structure 

of the CNTs, even though their size was reduced [34]. 

The observed slight changes in the ABS peak intensity suggest that there is an interaction 

occurring between MWCNT and ABS [35]. The interaction between the components results 

in an enhancement of the nanocomposite sample's mechanical properties. The displacement 

pattern obtained from the Raman peak corresponds well with the mechanical data obtained. 

Table 1 provides a concise classification of the peak intensities' ratios. To examine the 

structural changes in MWCNTs, researchers utilize the ratio (D/G)||/(D/G)⊥ [35]. Table 1 

reveals that the intensity ratio (D/G)||/(D/G)⊥ for samples obtained through injection molding 

is approximately 1, with minimal variations under different injection conditions. This finding 

shows that the carbon nanotube structure remains relatively undamaged despite the changes 

in injection parameters [35].  

The analysis of Table 1 reveals an interesting pattern in samples A1, A3, and A5. Specifically, 

when the holding pressure is raised, there is a notable decrease in the intensity ratio of peaks 

(D/G)||/(D/G)⊥. This observation points toward a reduced orientation of carbon nanotubes in 

these particular samples under higher holding pressure conditions. In contrast, when 
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analyzing samples A2, A4, and A6, it becomes evident that a higher holding pressure leads to 

a notable improvement in the orientation of carbon nanotubes. However, it is noteworthy that 

at low temperatures, increasing the pressure does not yield the desired orientation, as 

suggested by the available data [36]. The reason for this phenomenon can be attributed to the 

exposure of the polymer in a viscous state to shearing and stretching forces during the 

injection molding process, as indicated in previous research [33]. These forces have a strong 

impact on the CNTs network and result in the formation of a core-shell structure [35]. 

Consequently, the alignment of CNTs becomes closer to the surface of the piece. As the 

holding pressure increases, the nanotubes exhibit more curvature and form worm-like 

structures instead of remaining straight [37]. Moreover, in scenarios where the medium is 

viscous, increasing the pressure leads to structural damage to CNTs, which is supported by 

the D/G ratio presented in Table 1 of this analysis. Therefore, by elevating the injection 

temperature and reducing the holding pressure, a significant number of existing CNTs can 

be partially aligned. 

 

Fig. 7. Raman spectra of ABS/MWCNT nanocomposites at the concentration of (0.2 wt.%). (a) before injection 

molding, and (b) after injection molding with different in-process factors: sample A1(T= 210 °C, P= 50 bar), sample 

A2 (T= 220 °C, P= 50 bar), sample A3 (T= 210 °C, P=60 bar), sample A4 (T= 220 °C, P= 60 bar), sample A5 (T= 210 

°C, P= 70 bar), sample A6 (T= 220 °C, P= 70 bar), || = Parallel, |= Perpendicular. 
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Table 1. Raman intensity ratios parallel/perpendicular for the injection-molded samples of 

ABS/MWCNT 0.2 wt.%. 

Sample 

(0.2 wt.%) 

Temperature ] °C[ 

Pressure 

]bar[ 
 

 

 

  

 

A1 210 50 1.78 1.82 0.56 0.925 0.942 0.981 

A2 220 50 1.79 1.81 0.55 0.926 0.934 0.991 

A3 210 60 1.29 1.26 0.77 0.948 0.931 1.01 

A4 220 60 1.91 1.92 0.52 0.932 0.940 0.991 

A5 210 70 1.03 1.04 0.97 0.926 0.938 0.987 

A6 220 70 2.69 2.82 0.37 0.903 0.953 0.947 

ID/IG (Pure MWCNT) = 0.88 

ID/IG (Powder ABS/MWCNT 0.2%) = 0.89 

 

The strain-stress curves of the samples obtained from the tensile analysis are illustrated in 

Fig. 8a. These curves clearly demonstrate the significant impact of injection and sample 

preparation conditions on crucial mechanical properties. To provide a more comprehensive 

analysis, the numerical values corresponding to these specifications are presented in Fig. 8b, 

8c, and 8d. The incorporation of carbon nanotubes up to 0.2 wt.% results in an increase in 

the modulus of elasticity, ultimate tensile strength, and yield stress. However, when the 

weight percentage of nanotubes exceeds 0.3%, a decline in overall mechanical strength 

becomes evident. These results validate the microscopic findings. As previously mentioned, 

EMDT functions effectively at low concentrations (up to 0.2%). However, when dealing with 

higher concentrations, this process encounters challenges in adequately distributing and 

isolating the agglomerates [12]. 
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Fig. 8: Mechanical properties of injection-molded samples with varied injection temperature and holding 

pressure. (a) Strain-stress curve of the samples (Sample production conditions detailed in Table 2), (b) 

Zoomed-in Strain-Stress plot, (c) Elastic modulus for T=210 ºC, (d) Elastic modulus for T=220 ºC, (e) and (f) 

Corresponding FE-SEM micrographs of nanocomposites. 
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Fig. 9 demonstrates the yield and ultimate strength of samples. The presence of remaining 

large agglomerates at higher concentrations behaves like impurities within the 

nanocomposite matrix, contributing to a decline in the material's mechanical strength [38, 

39].  At low concentrations, the nanotubes exhibit a high degree of dispersion, creating a 

stable and beneficial interaction with the matrix material [39]. This, in turn, facilitates a 

substantial transfer of the applied load to the nanotubes, enhancing the overall mechanical 

performance [40]. It is widely acknowledged in scientific reports that there is a saturation 

limit to which carbon nanotubes can be added to the base polymer to reinforce its strength. 

This limitation applies not only to EMDT but also to other methods [41]. 

The data from Table. 2 clearly indicates that raising the injection temperature and holding 

pressure has a positive impact on the enhancement of E (elastic modulus), Y (yield stress), 

and σuts (maximum tensile strength). It has been proven that there is an increase in the 

alignment of CNTs along the injection direction by Raman analysis [42, 43]. This alignment 

improvement is a significant factor that positively impacts the tensile properties of the 

material [13]. However, it is worth noting that there are reports indicating that an increase in 

the injection temperature not only promotes orientation and dispersion but also negatively 

influences mechanical properties, such as yield stress [44]. 

Comparing the obtained results with existing references shows that the utilization of EMDT 

allows for achieving superior mechanical strength with a small amount of nanotubes [40]. 

Higher mechanical strength can be attributed to two key advantages of EMDT: I) it 

effectively protects the length of carbon nanotubes and facilitates efficient spreading and 

dispersion of the nanotubes [24]. II) during the EMDT process, a significant amount of 

electric charge is accumulated on the carbon nanotubes [24], which is likely to facilitate the 

formation of a strong layer between the matrix and the nanotubes by promoting a chemical 

bond [45]. This enhancement leads to an increase in the strength of the nanocomposites. 

Numerical comparison of the results with other studies indicates that the utilization of EMDT 

has led to a noteworthy enhancement in the modulus of elasticity by merely adding 0.2 wt.% 

of carbon nanotubes, resulting in an 18% and 14% increase, respectively. However, for 

achieving similar results using the melt mixing method, at least 2 wt.% of carbon nanotubes 

are necessary. In CNT-based nanocomposites, enhancing mechanical strength heavily 
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depends on the interfacial bonding between the matrix and CNTs, as this interface facilitates 

load transfer to the CNTs, which are stronger than the polymeric matrix, resulting in 

remarkable mechanical strength [46]. EMDT plays a pivotal role in forming interfacial 

bonding for two main reasons: 1) It provides higher CNT length after dispersion, leading to 

a more developed interfacial layer [47], and 2) it accumulates considerable charges 

(electrons) on the CNTs, which increases the polar nature of their surface [24]. ABS is a polar 

polymer with functional groups, such as nitrile groups, that can interact with the charged 

CNTs. The enhanced polar interactions promote stronger interfacial adhesion between the 

CNTs and the ABS matrix, facilitating better load transfer [48]. In addition to enhancing 

polar interactions, charging the surface of CNTs through EMDT can positively influence 

electrostatic attraction, promoting better dispersion and aligning functional groups for more 

efficient bonding. Consequently, these molecular-level improvements in interfacial bonding 

lead to significant mechanical property enhancements, such as increased tensile strength and 

modulus, as the load is more effectively transferred to the stronger CNTs [49]. 
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Fig. 9.  Mechanical characteristics of the samples: yield strength for (a) T=210 ºC, (b) T=220 ºC, ultimate tensile 

strength for (c) T=210 ºC and (d) T=220 ºC. 

As previously discussed, increasing the temperature helps in reducing CNT entanglement 

and promoting better alignment, thereby enhancing the strength of the nanocomposite. Both 

Young's modulus and ultimate tensile strength exhibit improvement up to a concentration of 

0.2% and a subsequent decline at 0.3%, primarily due to agglomerate formation. 

The primary factor contributing to this issue appears to be the limited interaction between the 

nanotubes and the matrix [24]. Without the formation of a strong interface layer to transfer 

the load to the nanotubes, a typical consequence is a reduction in strength [42]. The sample 

containing 0.2 wt.% CNTs, injected at 220 ºC and subjected to a holding pressure of 70 bars, 

demonstrated the highest tensile strength. Despite Raman spectroscopy indicating a lower 

alignment degree under these conditions, the strength enhancement can be attributed to 
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smaller agglomerates, better distribution, and reduced CNT entanglement, which enhanced 

interfacial bonding. Thus, it appears that interfacial bonding plays a more prominent role than 

the alignment degree in determining the tensile strength. 

3.4. Thermal Conductivity 

Fig. 10 depicts the thermal conductivity coefficients of the samples. A comparison between 

Fig. 10a and b reveals that the thermal conductivity is greater for the samples injected at a 

temperature of 220 °C. This noticeable difference stems from the improved orientation of 

CNTs and the development of a conductive network at elevated temperatures [43, 45]. 

Increasing the CNT concentration up to 0.2% resulted in enhanced thermal conductivity in 

all instances, with no significant alteration observed upon further increasing it to 0.3 wt.%. 

Microscopic examinations unveiled that at this CNT concentration level, EMDT fails to 

completely disperse the nanotubes, leaving a substantial portion of agglomerations intact. 

Consequently, the process of compacting the CNT network, a pivotal factor in thermal 

conduction [50], halts because EMDT cannot further disperse the agglomerates and 

individualize the CNTs. Furthermore, 0.2 wt.% can be considered as a percolation threshold 

concentration for thermal conductivity as beyond this level the conductivity approximately 

remains constant.  

The increase in thermal conductivity becomes evident as the holding pressure rises. Higher 

pressure plays a vital role in both compacting the CNT network and enhancing their 

alignment during the injection process [51], as confirmed by Raman findings. Despite other 

researchers using significantly higher concentrations for ABS/MWCNTs nanocomposites 

prepared via melt mixing and ultrasonication methods, the thermal conductivity remains 

significantly lower than the maximum achieved in this study (0.31 W/mK) [51]. This 

accomplishment demonstrates that the EMDT process can substantially enhance the 

properties even at low concentrations by preserving the pristine length of the nanotubes [24]. 

Hence, it can be summarized that higher CNTs’ length provided by EMDT can improve the 

CNT-CNT network density and enhance thermal conductivity significantly.  
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Fig. 10. Thermal conductivity of samples produced by different injection temperature and holding pressure: 

(a) T=210 ºC, (b) T=220 ºC. 

Fig. 11 illustrates the impact strength of nanocomposites. A comparison between Fig. 10 a 

and b reveals that nanocomposites produced at a temperature of 220 °C exhibit slightly lower 

strength. At both temperatures and a concentration of 0.1, modifying the holding pressure led 

to a minor increase in impact strength. However, with an increase in concentration to 0.2% 

and 0.3 wt.%, this process induced certain changes and led to a decrease in strength. The 

results suggest that at higher concentrations, the impact of partial alignment through the 

injection flow is considerably weaker when contrasted with the CNTs network density [41, 

50]. The rise in CNT concentration results in a reduction in impact strength and is also 

associated with a shift in fracture behavior from a soft to a brittle state [42]. 

 
Fig. 11. Impact strength of samples produced by different injection temperature and holding pressure: (a) T=210 ºC, (c) 

T=220 ºC. 
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4. Conclusion 

This research involved the preparation of ABS/MWCNTs nanocomposites using the EMDT 

method, examining its impact on reducing the required concentration of CNTs to achieve 

significant improvements in thermal and mechanical properties. The findings indicate: 

The EMDT method effectively disperses CNTs up to a concentration of 0.2 wt.%. However, 

beyond this concentration, large agglomerates of CNTs remain prevalent in the matrix. This 

technique bolsters tensile strength with the incorporation of a mere 0.2 wt.% of CNTs, 

resulting in a tensile strength value of approximately 2.74 GPa. In contrast, conventional 

methods demand 10 times the amount of CNTs to attain a similar level of mechanical 

reinforcement for ABS. This underscores the efficacy of EMDT in reducing the necessary 

CNT concentration while simultaneously preserving their length and forming a robust 

interface layer due to the electrical charges on CNTs. Furthermore, it positively influences 

thermal conductivity by maintaining the nanotubes' length. The inclusion of only 0.2 wt.% 

of CNTs leads to a significant 48.4% increase in conductivity, achieving a value of 0.31 

W/mK. 

Another noteworthy discovery is the decline in impact strength of the samples attributed to 

the incorporation of CNTs, resulting in a shift from a soft to a brittle fracture behavior. 

Adjusting the injection temperature to 220 °C and maintaining the holding pressure at 70 bar 

during the injection molding process enhance the alignment of CNTs and reduce 

entanglement, leading to higher both thermal and mechanical properties.  
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