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Abstract: Several extensive researches are being carried out in the field of 3D printing. Polymer matrices, such as High-

Density Polyethylene (HDPE), are less explored particularly on the microstructure and mechanical properties of HDPE 
composites developed via the Fused Deposition Modelling (FDM) process. Very scarce amount of work is devoted to 
studying HDPE’s reinforced with carbon nano-tubes (CNT’s). In the present work, we report on the mechanical 
properties of  HDPE composites prepared via the FDM process. Varying proportions of CNTs (0.5, 1, 1.5, and 2%) are 
used as reinforcements. It is found that increasing CNT content enhances impact and tensile strength, with 
HDPE/2.0%CNT outperforming pure HDPE by approximately 71.6% and 25.4%, respectively. HDPE/2.0%CNT 
composite also showed Young's modulus approximately 49.2% higher than pure HDPE. According to fracture analysis, 
pure HDPE failed near ductile, whereas composites failed brittle. CNTs occupy the free positions in the polymeric chains, 

and their tendency to restrict chain mobility causes HDPE to lose ductility and begin to behave brittlely. The use of CNTs 
as reinforcement successfully improved the mechanical properties of HDPE. 

Keywords: Fused deposition modelling; Carbon nanotubes; Mechanical properties; Fracture. 

 

1. INTRODUCTION 

Additive manufacturing, also known as 3D 

printing, has attracted considerable interest from 

academia and industry. The ability to easily print 

complex 3D objects layer by layer is the main 
feature of 3D printing. However, a 3D CAD 

model and CAM software, which is used to slice 

the model and aid the printing path, are required 
to complete this task [1, 2]. Unlike traditional 

techniques, which require the creation of a new 

tool, jig, or mould for new products or design 
changes, 3D printing does not have such 

constraints. This technique is used to make a 

variety of products in industries such as 

automotive, medical, architectural, toy, energy 
storage, and aerospace. According to the 

American Society for Testing and Materials 

(ASTM) standards, there are seven major 
categories of 3D printing. In comparison to 

traditional techniques, 3D printing offers greater 

design flexibility, faster prototyping, the ability to 
fabricate complex dimensions and geometries, the 

elimination of the machining process, and 

physical morphology tailoring [3-6]. Fused 

deposition modelling (FDM) is a popular 3D 
printing technique that entails melting material, 

extrusion, and layer-by-layer deposition to 

achieve the desired shape and size. It is also 

known as fused filament fabrication because the 
material being melted is usually in the form of 

filament that is rolled on a spool (FFF). FDM is 

well-known for printing large and rigid objects 
with ease and at the lowest cost-to-size ratio [7-

10]. FDM has been used to print a wide range of 

polymers, including ABS, nylon, polylactic acid 

(PLA), polyphenylsulfone, polyethylene 
terephthalate glycol (PETG), and polycarbonate-

based objects [11-14]. 

HDPE is a thermoplastic that is commonly used 
in the production of water bottles, chemical 

containers, light-duty tanks, outdoor cabinetry, 

pipe systems, and marine construction parts [15]. 
This polymer's popularity stems primarily from 

its lightweight and high strength, as well as the 

fact that it does not absorb liquids, has high 

chemical stability, and is non-toxic. Although 
ABS and PLA polymers were popular as FDM 

filament materials, printing HDPE parts took 

some time and effort. Poor interlayer adhesion, 
shrinkage susceptibility, and warpage are just a 

few of the issues that limit the use of FDM 3D 

printing for HDPE. Studies have reported 3D 

printing of neat HDPE, blends, and fiber/particle-
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reinforced HDPE composites. Schirmeister et al 
[16] reported the development of HDPE 

specimens using a twin-screw extruder and the 

FFF technique, for example. Considering the 
drawbacks of HDPE, the authors optimised the 

printing parameters by varying the extrusion rate, 

nozzle temperature, nozzle diameter, build plate 

material, and temperature. With no void 
formation or warpage, the mechanical properties 

of the FFF-printed HDPE were comparable to 

those of the injection moulded counterpart. In an 
intriguing study, recycled HDPE was put through 

a series of characterization tests to determine its 

suitability as a 3D printing material [17]. A 

variety of HDPE products were cleaned, dried, 
shredded, and extruded to create 3D printing 

filaments for FFF printers. The extruded 

filaments exhibited thermal stability, water 
rejection, and mobility. Gudadhe et al [18] 

reported similar work in which waste HDPE was 

combined with low-density polyethylene and 
printed using an FFF printer. Furthermore, FEM 

simulations were performed to identify the source 

of stresses generated during the printing process. 

Kumar et al. [19] investigated the mechanical 
properties of recycled HDPE reinforced with Fe 

particles for use as filament materials in FDM 

printers.  
Based on the melt flow index, low porosity 

content, and dense structure, the optimum Fe 

content that could be added to HDPE was 10%. 
These studies have provided several insights into 

HDPE FDM 3D printing and how to overcome its 

limitations. 

Over the last few decades, the use of 
nanomaterials as reinforcement for polymer 

matrices has grown dramatically. Carbon 

nanostructures with unique mechanical and 
physical properties, such as carbon nanotubes, 

carbon black, graphene, and fullerene, have 

piqued the interest of researchers. Carbon 

nanotubes (CNTs) have extremely high strength 
and elastic modulus values of 63 - 126 GPa and 

0.915 - 1 TPa, respectively [20-23]. Because of 

these properties, carbon nanotubes are ideal 
reinforcing agents for strengthening polymer 

matrices. However, the degree of strengthening is 

highly dependent on CNT dispersion, bonding, 
and orientation, making full utilisation of CNT 

strength and stiffness difficult. To summarise the 

most recent developments, many review articles 

on CNT-reinforced polymer composites have 

been written. The topics covered in these review 
articles [24-26] range from composite fabrication 

techniques to mechanical, thermal, and electrical 

properties. The development of polymer 
composites with CNT using FDM, on the other 

hand, is still in its early stages, and the various 

properties of these composites are being studied. 

Ye et al [27] reported on the mechanical and 
electrical properties of CNT-reinforced 

thermoplastic polyimide composites. The effect 

of CNT content was investigated, and it was 
discovered that the tensile strength, bending 

strength, and conductive resistivity of composites 

decreased as CNT content increased. Incomplete 

crystallisation, high internal stress, and internal 
defects caused by insufficient extrusion pressure 

were the main causes of poor properties. In 

another paper, Sezer and Eren [28] reported the 
development of MWCNT-reinforced ABS parts 

using the FDM 3D printing technique. The tensile 

strength and Young's modulus of nanocomposites 
were found to increase with increasing CNT 

content. CNT functionalization improved 

bonding and dispersion in the ABS matrix, 

resulting in improved properties. Loading CNTs 
above 10%, on the other hand, resulted in a 

decrease in properties due to CNT agglomeration. 

Yang et al [29] investigated the effect of carbon 
nanotubes (CNTs) on the melt flow rate and 

mechanical properties of PLA composites. The 

melt flow rate decreased as CNT content 
increased, implying an increase in viscosity due 

to the nucleation effect between PLA and CNT. 

Composite tensile and flexural strength increased 

as a result of effective load transfer to CNT and 
improved layer adherence. Finally, due to the 

content, dispersion, and orientation of CNTs, 

defects can form during the printing process, 
which must be avoided. Underflow caused by an 

increase in melt viscosity can increase the number 

of defects between the roads/rasters or clog the 

nozzle. Such issues must be addressed in CNT-
reinforced polymer matrices to achieve better 

mechanical properties.  

These studies discovered that polymer composites 
containing CNTs performed better overall. This 

research focuses on developing HDPE-based 

polymer nanocomposites using FDM technology by 
reinforcing CNT which was earlier extensively 

studied using more conventional methods. The 

effect of CNT on the surface roughness, tensile, and 

impact properties of HDPE composites created 
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using FDM 3D printing is studied. 

2. EXPERIMENTAL PROCEDURES 

2.1. Materials 

Carbon nanotubes procured from local vendor 
(Purity: ~99%, Outer diameter: ~10-30 nm, length: 

~10 μm, Ad-Nano Technologies Pvt. Ltd., India) 

were used as reinforcement. On the other hand, 

high-density polyethylene (Density: 0.947 g/cm3, 
Polyshakti Polymers, India) in the form of pellets 

was used as matrix material. The photographs of 

both materials are presented in the Figs. 1 (a) and 
(b). SEM and EDX of the procured CNT samples 

are shown in Figs. 1 (c) and (d) respectively. 

2.2. Fabrication 

For the preparation of the composites, 1000 ml of 

dichloromethane solvent was combined with the 
starting materials in known amounts. The entire 

mixture was thoroughly mixed in a magnetic 

stirrer at room temperature. The stirring process 

was continued for approximately 120 minutes, 
after which the solvent was removed by placing 

the composite slurry in a 100°C oven. After 

drying, the mixture was fed into a compounding 
machine and formed into wire.  

These wires were formed into small pellets before 
being extruded with a twin screw extruder. To 

improve diameter tolerances and smooth 

extrusion, a temperature of 190°C was used. The 
diameter of the filament was kept constant by 

controlling the drawing speed of the extruder. 

Photographs of filament drawn with a twin screw 

extruder are shown in Figs. 2 (a) and (b). The 
various 3D parts were printed using an FFF 

printer (Make: Praman 3D printer, Global 3D 

labs, India). Figs. 2 (c) and (d) shows 3D printed 
tensile and impact test specimens. Table 1 and 2 

displays the parameters used to print the parts and 

specifications of the 3D printer used respectively. 

2.3. Testing 

The density of each sample was first determined 
using the Archimedes principle. Using a surface 

roughness tester, the surface roughness of FDM 

3D-printed samples was then analysed (Make: 

Miyu M35, India). For this purpose, 10×10×20 
mm (length, width & thickness) samples were 

fabricated, and roughly three measurements were 

taken for each composition.  
The arithmetic mean roughness was used to 

measure the surface roughness (Ra). 

       

         
Fig. 1.  (a) & (b): HDPE pellets and CNT powder, (c) and (d): SEM & EDX of CNT respectively. 

a b 

c 
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Fig. 2. (a) Photographs of filament drawn with a twin screw extruder (b). FFF printer used to print the various 

3D parts (c) Tensile Test Specimen of Pure HDPE and HDPE + 2% CNT respectively (d) Impact Test Specimen 
of Pure HDPE and HDPE + 2% CNT. 

Table 1. Parameters opted for filament extrusion and printing parts using FFF. 

Filament Fabrication by Extrusion Printing parameters using FFF 

Parameters Value Parameters Value 

T Zone 1 190°C Build plate temperature 60°C 

T Zone 2 200°C Nozzle temperature 240°C 

T Zone 3 200°C Printing speed 25 – 100 mm/s 

T Zone 4 / Nozzle 190°C Layer thickness 0.1 mm 

Speed of rotation 20 rpm Line width 0.8 mm 

Dosage 0.5 kg/hr Filling pattern Lines 

Table 2. Technical specifications of FDM printer. 

Parameters Value 

Technology Fused Deposition Modelling 

Print Size 160mm * 160mm * 180mm 

Print Resolution 0.1 mm/100 Microns 

Hot-end Type Single Extruder 

Nozzle-Type Brass 

Nozzle Maximum Temperature 260°C 

Maximum Bed Temperature 100°C 

Working Ambient Temperature 15-40°C 

Connectivity SD-Card/USB 

Power Input Voltage: 220 V, 50Hz Input Current : 5-6 Amp. 

On FDM 3D printed samples prepared in 
accordance with ASTM D638 and D4812, 

standard mechanical properties tests, such as 

tension and impact tests, were conducted. The 
tensile test was conducted on a 60-tonne-capacity 

universal testing machine (Make: FIE Pvt. Ltd., 
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India). All tests were conducted with a strain rate 
of 2 mm/s at room temperature. The average of 

the three samples tested for each composition is 

displayed here. The Izod impact test was 
conducted with an impact tester (Make: FIE Pvt. 

Ltd., India) equipped with a 300 J hammer and a 

5 m/s pendulum speed at impact. Approximately 

three tests were conducted for each composition, 
and the value presented here is the mean of these 

three tests. The dispersion of CNTs in the HDPE 

matrix and fracture surfaces after tensile testing 
were investigated using a scanning electron 

microscope (Make: Tescan Vega3, India).    

3. RESULTS AND DISCUSSION 

3.1. Microstructure Analysis 

CNT dispersion in the HDPE matrix, as well as 

the presence of any printing defects, have a 

significant impact on mechanical properties. 
SEM characterization was performed to examine 

the dispersion of CNTs and the quality of FDM 

3D printed samples, and the representative results 
are shown in Figs. 3 (a-h). The CNTs are 

uniformly dispersed in the matrix and protrude 

out of the HDPE matrix, as seen in the 

HDPE/0.5%CNT composite (Fig. 3 (a)). In this 
region of the composite, there were no visible 

CNT agglomerates. Because there was no gap 

between the CNTs and the HDPE matrix, the 
bonding appeared to be strong. Because there 

were no bare surfaces on the CNTs, the interface 

appears to be continuous with proper matrix 
filling around it. Because the extruder could shear 

CNT aggregates, the low CNT content in this 

composite favoured better dispersion. Because of 

the twin screw extruder's ability to orient CNTs in 
the direction of extrusion, the orientation of the 

CNTs was discovered to be in the direction of 

deposition. If a specific orientation is not obtained 
during the filament extrusion process, obtaining it 

during FDM 3D printing is difficult. In this case, 

the ability to achieve specific orientation is due to 

the synergistic effect of both the filament 
extrusion and printing processes. In their work on 

3D-printed CNTs/PLA composites, Zhou et al 

[30] made a similar observation. Many carbon 
nanotubes were observed to extend along the 

printing direction, indicating that the preferred 

orientation is possible in 3D printing. The EDAX 
analysis, as shown in Fig. 3 (b), confirmed the 

presence of CNT by displaying a C peak in the 

spectrum, as well as some other impurities. Like 
the previous case, the HDPE/1.0%CNT 

composite had a few CNTs protruding from the 

HDPE matrix (see Fig. 3 (c)). Bonding is also 
quite good in this case, with no interface defects 

and no CNT agglomeration observed. It should be 

noted that the uniform dispersion obtained for 

small CNT contents of 0.5% and 1.0% is 
especially significant. This is because many 

references have reported agglomeration in CNT 

nanocomposites containing 0.5% to 1.0% CNT 
[31,32]. Although no specific reason for the 

formation of CNT bundles was given, it did 

highlight practical limitations in achieving a 

higher level of dispersion using melt 
compounding. CNT agglomeration is generally 

caused by the van der Waals force between the 

CNTs. Pan et al [33] discovered CNT 
agglomeration in PLA composites after 3D 

printing. The formation of printing defects and 

surface roughness are two major aspects of 
printing quality that must be considered. All the 

composites were free of visible flaws and had 

excellent layer bonding. Although it is difficult to 

quantify surface roughness using SEM 
micrographs, it is clear that they appear rough. 

The surface of FDM 3D printing is not as smooth 

as expected, but the roughness is not significant. 
Because all of the printing parameters were held 

constant while the CNT was varied, the surface 

quality is heavily influenced by the CNT. The 
surface appears to be smoothing out in terms of 

CNT content, as shown in Fig. 3 (a) and (c). The 

surface of higher CNT content reinforced HDPE 

composites revealed several CNT edges 
protruding from the matrix (see Fig. 3 (e) and (g)). 

A closer look at these edges reveals that the 

bonding between the CNT and matrix was quite 
good, which will help with load transfer during 

tensile or impact loading. Aggregation is a 

common problem in the case of nanosized 

reinforcements, resulting in discontinuities and 
inhomogeneities in the composites. These 

aggregates are frequently characterised by poor 

matrix bonding and serve as stress concentrators. 
The absence of CNT agglomerates as CNT 

content increases is the main feature of these 

micrographs. The chosen extrusion and FDM 
printing parameters were able to disperse the 

aggregates uniformly by shearing them.  

 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.3

23
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 p
e.

iu
st

.a
c.

ir
 o

n 
20

26
-0

6-
18

 ]
 

                             5 / 16

http://dx.doi.org/10.22068/ijmse.3231
https://pe.iust.ac.ir/ijmse/article-1-3231-en.html


Deepak J et al. 

6 

  
a b 

  
c d 

  
e f 

  
g h 

Fig. 3. SEM micrographs and respective EDAX of a,b) 0.5%, c,d) 1.0%, e,f) 1.5% and g,h) 2.0% CNT reinforced 

HDPE composites

When compared to other studies that found an 
increase in CNT agglomerate with respect to CNT 

content and discovered that the process 

parameters used were unable to shear the CNT 

aggregates [33,34], this is an intriguing finding. 
Few CNTs seen in the micrographs were not 

damaged during the mixing or printing processes, 

such as kinking or breaking of CNT walls. This 
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broadens the application of FDM 3D printing for 
the creation of HDPE/CNT composites. 

Furthermore, as shown in Figs. 3 (f) and (h), the 

EDAX analysis revealed a sharp and high-
intensity C peak, confirming the presence of 

CNTs as well as some other impurities formed 

during the mixing process. 

3.2. Surface Roughness and Density Studies 

Although it is well known that 3D printing can 

produce near-net shapes, when developing a new 
part, the materials and process parameters 

influence the surface roughness. This determines 

whether the part must be machined. For the 
printed parts to look good and function properly, 

they must have a good surface finish with low 

surface roughness. If the surface roughness is 
high, for example, the printed part may 

experience high friction and wear rate when it 

comes into contact with another part that involves 

relative motion. Furthermore, a part with a high 
surface roughness is more likely to crack than 

apart with a better surface finish [35]. Layered 

structure formation, which contributes to surface 
roughness, is a common quality issue in FDM 

printed parts. Surface defects are unavoidable due 

to the printing process's fundamental principle, 
and the part has a high surface roughness due to 

the staircase or ridging effect. On inclined 

surfaces and corners, the staircase effect is quite 

visible, whereas the ridging effect is visible on flat 
surfaces when each layer deposited creates a 

minor bulge. Although there are several other 

methods for reducing or eliminating such effects, 
the cost is simply increased. The effect of CNT on 

composite surface roughness was studied, and the 

results are shown in Fig. 4. The average height 

deviations (Ra) measured on printed samples are 
used as a surface roughness parameter. As a result, 

the lower the value of Ra, the better the surface 

finish, with surface roughness in the range of 0.5 
to 1.0 µm [36] for precision applications. As 

shown in the figure, the surface roughness of all 

samples, regardless of CNT content, was in the 
range of 0.477 µm to 0.707 µm. According to 

these values, the Ra decreases as the CNT content 

increases. The unreinforced HDPE produced the 

highest surface roughness value of 0.707 µm. In 
comparison to Ref [13], which reported an HDPE 

value of 11.37 µm, this value is significantly 

lower. Although a direct comparison with this 
reference is not possible due to process 

parameters, it highlights the suitability of the 
parameters chosen in this work to achieve 

minimal surface roughness in neat HDPE.  

 

 
Fig. 4. a) Variation of surface roughness of HDPE 

with reinforcement of CNT b) Variation of density of 
HDPE with CNT 

With the addition of 0.5% CNT, the surface 

roughness value was reduced to 0.614 µm. When 

compared to neat HDPE, surface roughness was 

reduced by approximately 13.15%. The reduction 
was minor, but it represents a significant 

improvement in surface finish. As more CNTs 

were added, the surface roughness value 
decreased, reaching a low of 0.477 µm for the 

HDPE/2.0%CNT composite. When compared to 

neat HDPE, the Ra value was reduced by 
approximately 48.2%. This finding differs 

significantly from previous research, which found 

that the addition of CNTs increased the surface 

roughness of composites. The work reported by 
Ref [24] revealed that the addition of CNTs 

increased the surface roughness of PLA 

composites. The Ra value of neat PLA increased 
from 5.5 µm to 16.5 µm for the PLA/3%CNT 

composite. Similarly, Mohapatra et al [37] found 

that adding functionalized CNT and ZnO to PLA 
composite increased surface roughness. An 

atomic force microscope surface topography 

analysis revealed a value of 200 nm for neat PLA 
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and a value of 480 nm for composite. The 
formation of agglomeration due to the van der 

Waals force between CNTs was the primary cause 

of the increase in surface roughness of composites 
with CNT addition [38]. However, some research 

has shown that adding CNTs reduces surface 

roughness [39, 40]. When compared to their 

respective unreinforced counterparts, 
MWCNT/aromatic polyamide [39] demonstrated 

a decrease in surface roughness at higher CNT 

concentrations, while CNT/epoxy composite [40] 
demonstrated a decrease at lower CNT 

concentrations. CNTs are well known for their 

high thermal conductivity, which may aid in the 

uniform cooling of the composite after printing. 
Although HDPE has been known to shrink and 

warp during the printing process, the addition of 

filler materials has helped it overcome these 
drawbacks. However, dispersion and filler 

content are critical because agglomeration can be 

detrimental to warpage reduction. The addition 
and increase in CNT content significantly 

impedes volumetric change in HDPE polymer 

chains. Because the CNTs have a very high 

interfacial surface area and are uniformly 
distributed in the HDPE matrix, shrinkage is 

greatly reduced. Furthermore, CNTs may reduce 

thermal gradients that occur during printing, 
allowing the composite to cool more uniformly 

[41]. This, in turn, aids in the elimination of 

dimensional inaccuracies such as warpages or 
surface irregularities, resulting in composites 

with lower surface roughness values. ASTM 

D792-13 standard was implemented for the 

measurement density of the developed novel 
polymer nanocomposite. The variation in density 

for the varied proportion of CNT to the polymer 

is shown in Figs. 4 (b). Pure HDPE had a density 
of 0.947 g/cm3 whereas HDPE + 2% CNT had a 

density of 1.001 g/cm3. There is an increment of 

5.7 % in density on adding 2 weight % CNT in 

HDPE, which is a small amount in comparison to 
pure HDPE. The formation of interlayer between 

the molecules of polymer and CNT, homogenous 

dispersion of CNT in HDPE and no formation of 
any agglomerates lead to the increment in density 

of the developed nanocomposites 

3.3. Impact Behaviour 

Impact testing was performed on FDM 3D printed 

HDPE/CNT composites in order to better 
understand their response when subjected to 

localised impact loading. Few studies have been 
conducted on the impact responses of HDPE 

composites with varying CNT content, such as the 

effect of impact loading and the ability to 
dissipate the imparted kinetic energy. The impact 

response of HDPE composites will be determined 

by the matrix, CNT, the interphase region 

between HDPE and CNT, and printing parameters 
when compared to neat parts. All these 

constituents' mechanical properties will 

determine how the composites deform or fracture. 
Because the printing parameters for all HDPE 

composites are the same regardless of CNT 

content, the emphasis will be on determining how 

CNTs affect the impact behaviour of the HDPE 
matrix. The impact strength of neat HDPE and its 

CNT-reinforced composites is depicted in Fig. 5.  

 
Fig. 5. Variation of Impact strength of HDPE with 

CNT reinforcement 

The general trend indicates that as CNT content 
increases, impact strength values for HDPE tend 

to rise. The impact strength of neat HDPE was 

18.3 KJ/m2, but with 0.5% CNT added, the 

strength increased to 25.3 KJ/m2. As a result, the 
addition of CNT increased the composite's impact 

energy-absorbing capacity by 38%, which is a 

significant improvement. Similarly, the impact 
strength values for the other HDPE composites 

with CNT content of 1.0%, 1.5%, and 2.0% were 

28.6, 30.7, and 31.4 KJ/m2, respectively. The 
highest value obtained was for the 

HDPE/2.0%CNT composite, which is nearly 

71.6% higher than neat HDPE. The interaction of 

CNTs with the HDPE matrix is the primary cause 
of the increase in impact strength. CNTs have 

good interfacial bonding with the HDPE matrix 

and are uniformly dispersed in it, as evidenced by 
the microstructural pieces of evidence shown in 

Fig. 3. Because of the aromatic nature of their 
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bonds, the atoms on the walls of CNTs are well-
known to be highly stable. As a result, CNTs are 

mostly inert in nature, but when combined with a 

polymer matrix, they can interact via van der 
Waals interactions. As a result, there is poor load 

transfer across the CNT/matrix interface, and 

increasing the content results in heavy entangled 

bundles of CNT, which has a negative effect on 
mechanical properties. Furthermore, due to their 

extremely small size, high aspect ratio (as high as 

1000), and high surface area, the CNTs are held 
together in such a way that they tend to form 

bundles. They are extremely difficult to disperse 

in polymer matrices due to this entanglement. To 

address these issues, the CNTs were first mixed 
with HDPE in a magnetic stirrer to disentangle 

them. CNTs peel away from the surface of 

individual agglomerates due to the vigorous 
stirring, dispersing them on the HDPE particles 

individually. Individual CNTs were uniformly 

dispersed in the HDPE, and the matrix completely 
covered them, leaving no gap at the interface, as 

seen in the micrographs (see Fig. 3). The primary 

reason for using a magnetic stirrer instead of 

ultrasonication or ball milling was to protect the 
CNTs. Previous studies [42, 43] found that long-

term ultrasonication caused localised damage or 

the formation of defects such as disordered sp3 
carbon. As a result, even if cracks form elsewhere 

in the sample, the CNTs prevent them from 

spreading. The probability of crack arrest 
increases as CNT content increases, allowing the 

sample to absorb more energy and thus increasing 

impact strength. Little attention has been paid to 

the effect of carbon nanotubes on the impact 
strength of FDM printed composites. Pan et al 

[33], for example, discovered that using CNT as a 

filler material reduced the impact strength of 
polyphenylene sulphide composites marginally. 

The addition of CNTs increased the crystallinity 

of the composites, causing them to become brittle. 

In a similar study, Vidakis et al [44] reported a 
decrease in impact strength of polyamide 12 

composites after the addition of CNTs. CNTs 

made the composites more brittle, allowing them 
to absorb less impact energy, which resulted in a 

decrease in strength values. CNTs were unable to 

increase the impact strength of various polymer 
composites, particularly those created using 3D 

printing. According to these studies, adding CNT 

to composites makes them stiffer and brittle, 

rendering them unable to withstand impact 

loading. It is worth noting that none of these 
studies identified CNT-related defect generation 

as the primary cause of the drop in impact 

strength. Because of agglomeration or poor 
matrix bonding, CNTs are prone to increasing 

defect density. When the mixing and printing 

process parameters are not optimised, such flaws 

occur frequently. The impact strength of 
composites is also harmed in such cases because 

these defects act as crack initiators in the 

composites. This is not to say that carbon 
nanotubes have a negative impact on the energy-

absorbing capacity of polymer composites. When 

Ghoshal et al [45] investigated carbon nanotube-

reinforced polypropylene, they discovered that as 
the CNT content increased, so did the strength. It 

is worth noting that adding 1.0% CNT by weight 

increased the impact strength of polypropylene by 
152%. The coherent and long interfaces between 

polypropylene and CNTs, as well as the small 

spherulite size, were the primary reasons for the 
increased strength. Laurenzi et al. [46] thoroughly 

documented the role of the interface in improving 

the impact strength of Kevlar 29 epoxy/CNTs 

composites. The composites had strong covalent 
bonding between CNTs and polymeric chains, 

which significantly increased the impact strength. 

As a result, it is impossible to predict whether the 
addition of CNTs will increase or decrease the 

impact energy absorbing capacity of polymeric 

composites; rather, it is dependent on several 
other factors such as material composition, CNT 

surface condition, and printing parameters. 

Nonetheless, the results of this study showed that 

increasing CNT content increased impact strength 
due to improved interfacial bonding and uniform 

dispersion in the HDPE matrix.       

3.4. Tensile properties 

Understanding the effect of CNTs on the tensile 

behaviour of HDPE composites is critical for 
structural applications. The effect of CNT content 

on the tensile strength and Young's modulus of 

HDPE composites was studied, and the results are 
shown in Figs. 6 (a) and (b). The tensile strength 

and Young's modulus of HDPE were also 

determined under comparable testing conditions 

for comparison purposes. The tensile strength of 
HDPE increased with increasing CNT content 

(see Fig. 6 (a)). The pure HDPE has a tensile 

strength of 26.4 MPa, according to the tensile test. 
The addition of 0.5% CNT increased HDPE 
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composite tensile strength to 27.4 MPa. In 
contrast to impact strength, the increase in 

strength (3.8%) here is quite minor. As the CNT 

content increased from 0.5% to 2.0%, the tensile 
strength increased from 27.4 MPa to 33.1 MPa.  

 

 
Fig. 6. a) Variation of Tensile strength of HDPE with 

CNT reinforcement b) Variation of Youngs modulus 
of HDPE with CNT reinforcement 

This implies that CNTs are effective at increasing 

tensile strength. When compared to neat HDPE, 

the HDPE/2.0%CNT composite increased 
strength by approximately 25.4%. The Young's 

modulus of HDPE and CNT-reinforced 

composites is depicted in Fig. 6b. The value of 

752.2 MPa for neat HDPE was increased to 775 
MPa with the addition of 0.5% CNT. The addition 

of CNT increased the Young's modulus by about 

3%, which is a small increase. As the CNT content 
increased from 0.5% to 2.0%, the modulus 

increased from 775 MPa to 1122.2 MPa. The 

modulus of the HDPE/2.0%CNT composite 
increased by approximately 49.2% when 

compared to pure HDPE. When CNT content is 

2%, modulus increases significantly. CNTs are 

primarily responsible for increasing HDPE 
composite modulus and strength. The influence 

extends not only to the microstructure or 

properties of the sample but also to the printing 
parameters used in sample fabrication. It is well 

understood that the properties of FDM printing 
are determined by the bonding between the layers, 

the density of pores, and the strength of the 

individual constituents of the composite. CNT 
content, dispersion, orientation, and matrix 

bonding are all important filler properties. 

Various parameters can have varying effects on 

the quality of the final sample during the 
extrusion and printing processes. The melt flow 

rate is high due to the low viscosity of pure 

HDPE, resulting in the formation of a wider 
extrudate that degrades the surface quality of the 

printed sample. The addition of CNTs to polymer 

matrices, on the other hand, can have a variety of 

effects on the viscosity and flow rate of the melt. 
The addition of CNTs has decreased the melt flow 

rate in some cases due to the nucleation effect 

between CNT and polymer matrix [29, 47]. As a 
result, the activation energy required for viscous 

flow increased. However, in this case, the CNT 

concentration is quite optimal, and if they are 
dispersed individually, their influence on the 

viscosity may not be significant enough to cause 

under-flow. The increase in viscosity could be due 

to hydrodynamic interactions rather than CNT-
CNT interactions. Even if some CNT 

agglomerates remain in the composite filament, 

they are broken down by the hydrodynamic forces 
in the melt during the printing process, and the 

converging flow at the nozzle ensures better CNT 

alignment [47]. The alignment of CNTs in the 
printing direction may be caused by a 

combination of the extrusion process and 

hydrodynamic forces. This is beneficial because a 

higher melt flow rate improves composite 
fabrication efficiency and surface quality. 

Furthermore, the increased melt flow rate reduces 

the likelihood of void formation between 
roads/rasters. Road-to-road adhesion will be poor 

if flow-induced aggregation and modification of 

CNT orientation occur during extrusion or 

printing. According to Rinaldi et al. [48], when the 
CNT content exceeded 3%, the tensile strength 

and modulus of composites in filament and 

printed states decreased significantly. Property 
degradation was attributed to poor adhesion 

between filaments within the layer and partial 

agglomeration of CNTs. Furthermore, it is well 
known that carbon nanotubes have extremely 

high strength and elastic modulus. Because of 

their exceptional properties, carbon nanotubes 

improve the tensile strength of HDPE. However, 
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increasing strength requires more than just 
incorporating CNTs; it also requires ensuring 

their uniform dispersion and strong interfacial 

bonding with the HDPE matrix. The composites 
had uniform CNT distribution, as seen in the SEM 

micrographs (Fig. 3). The absence of 

agglomerations in the matrix reduces the number 

of stress concentrators dramatically. Despite the 
higher CNT concentration, the uniform dispersion 

allows a larger surface area of the filler to interact 

with the HDPE matrix, maximising the filler's 
influence on the tensile properties. Furthermore, 

the lack of a gap at the interface and improved 

HDPE coverage of the CNT surface resulted in 

strong, stress-free regions for improved load 
transfer between CNT and HDPE. The load 

transfer from HDPE to CNT becomes more 

efficient as the number of CNTs increases, which 
is the primary cause of the high tensile strength 

and modulus of composites with a high CNT 

content of 2%. Polymer composites' tensile 
properties can increase or decrease depending on 

dispersion and bonding.  

Bortoli et al. [49] investigated the tensile 

properties of PLA composites using two different 
CNTs, commercial purity and functionalized 

CNTs. The tensile strength and elastic modulus of 

composites containing commercial purity CNTs 
decreased due to poor dispersion, whereas those 

containing functionalized CNTs exhibited 

enhanced properties due to improved matrix-filler 
interaction. CNTs improved the tensile strength 

and modulus of HDPE composites overall.   

3.5. Fracture Analysis 

SEM analysis of fracture samples was performed 

to better understand the fracture mechanism after 

a tensile test, and the results are shown in Fig. 7 
(a) (h). The fracture surface of pure HDPE 

exhibits ductile failure, as shown in Figs. 7 (a) and 

(b).  
The characteristics of HDPE undergoing plastic 

deformation are visible on the fractured surface. 

In general, HDPE fails to ductile with significant 
plastic deformation in the form of extensive 

necking [50]. However, due to the presence of 

defects in the deposited filament, the deformation 

process in this case is quite different. A closer 
look at the HDPE revealed the presence of small 

voids with a diameter of about 10 m (see Fig. 7 

(b)). On the fracture surface, triangular inter-
filament pores were discovered. The filaments at 

the top and bottom were not touching with a 
positive air gap, indicating incomplete neck 

growth. Because the filaments solidify prior to the 

completion of the coalescence process, 100% 
coalescence between adjacent filaments is not 

possible in ideal FDM printing conditions. These 

are some of the reasons why the HDPE sample 

had the lowest tensile strength and the least 
amount of necking.  

Figs. 7 (c) and (d) show brittle fracture surfaces 

for HDPE composites containing 0.5% and 1.0% 
CNT. The relatively smooth fractured surface is 

an important feature of brittle failure. CNTs 

occupy the free positions in the polymeric chains, 

and their tendency to restrict chain mobility 
causes HDPE to lose ductility and begin to behave 

brittlely. Vidakis et al. [51] reported similar 

findings in their work on FFF-printed HDPE/TiO2 
nanocomposites. Because TiO2 particles occupied 

free positions in HDPE polymer chains, the 

composites failed in a less ductile manner. 
Furthermore, the surfaces of both composites 

showed individual CNTs with no agglomeration. 

This backs up the previous discussion about CNT 

alignment in the HDPE matrix during the 
extrusion and printing processes. There were no 

entangled CNT structures in any of the fractured 

regions, only dispersed CNTs that were effective 
at transferring loads from HDPE to them. 

However, the triangular pores were found to be 

shrinking in these cases, indicating that the 
addition of CNTs increased the melt flow rate. 

Figs. 7 (g) and (h) show the fracture surfaces of 

HDPE composites containing 2.0% CNT, which 

also had a smooth surface, indicating brittle 
failure. The presence of HDPE remnants on the 

CNT surface indicates the strength of their 

interfacial bonding. This is the main reason that 
no fracture regions showed CNT pull-out. No 

composite, regardless of CNT content, showed 

filament or layer failure, indicating excellent 

adhesion.  

4. CONCLUSIONS 

In this work, HDPE/CNT composites were 

developed using twin screw extrusion and FDM 

3D printing processes. The effect of the addition 

of CNTs in varying weight percentages to the 
HDPE matrix was evaluated by conducting 

microstructural, surface roughness, impact, and 

tensile studies. 
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Fig. 7. SEM micrographs of fractured samples a,b) 0.5%, c,d) 1.0%, e,f) 1.5% and g,h) 2.0% CNT reinforced 

HDPE composites 
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1. Microstructure analysis using SEM showed 
uniform dispersion of CNTs and with the 

increase in CNT content revealed no 

agglomeration. The interfacial bonding 
between CNT and HDPE matrix was found to 

be continuous and free from defects. 

2. Surface roughness studies showed a decrease 

in Ra value as the CNT content was increased 
in the HDPE composites. The lowest surface 

roughness was recorded for the 

HDPE/2.0%CNT composite. The reduction in 
volumetric change in HDPE polymer chains 

and diminishing of thermal gradients due to 

the presence of CNTs helped the composites to 

overcome the dimensional inaccuracy-related 
issues which in turn resulted in lower surface 

roughness values for composites. 

3. The HDPE composites showed an increase in 
impact and tensile strength with the increase in 

CNT content. The better dispersion and good 

interfacial bonding of CNTs with the HDPE 
matrix helped the composite to bear higher 

loads. The HDPE/2.0%CNT composite was 

among the best when compared to neat HDPE 

in terms of increase in impact and tensile 
strength by approximately 71.6% and 25.4%, 

respectively The elastic modulus was also 

found to increase with CNT content with 
HDPE/2.0%CNT composite showing highest 

value of 1122.2 Mpa with an increase of 49 % 

from pure HDPE.  
4. The fracture analysis using SEM showed the 

brittle type of failure for all composites while 

neat HDPE showed ductile fracture. The 

fracture surface analysis did support the 
claims of uniform dispersion and alignment of 

CNTs in the printing direction.  
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