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ABSTRACT 
This study investigates the mechanical and micro structural behaviour of 3D-printed PEEK-LT3/nano-
hydroxyapatite (nHA) composites fabricated using Fused Deposition Modelling (FDM). Composites containing 0 
wt.%, 3 wt.%, 6 wt.%, and 9 wt.% nHA were developed and evaluated through tensile, impact, hardness, optical 
microscopy, and SEM analysis. The results showed significant improvement in mechanical properties with the 
addition of nHA reinforcement. The tensile strength increased from 174.6 MPa for pure PEEK-LT3 to a maximum 
of 277.66 MPa at 6 wt.% nHA, while the impact strength improved from 32 kJ/m² to 44.5 kJ/m². The hardness 
continuously increased from 55 VHN to 81 VHN with increasing nHA content. SEM and micro structural 
observations revealed improved particle dispersion, interfacial bonding, and reduced porosity at optimum 
reinforcement levels. However, excessive reinforcement at 9 wt. % nHA caused particle agglomeration and slight 
reduction in tensile and impact properties. The study concludes that 6 wt. % nHA provides the best combination of 
strength, toughness, and structural integrity, making the developed composite suitable for biomedical and advanced 
engineering applications. 
Keywords: PEEK-LT3 (Polyetheretherketone), nHA (nano Hydroxyapatite), Polymer Composites, Additive 
Manufacturing, Mechanical Properties, SEM 
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1. INTRODUCTION 
3D printing provides the possibility of low volume and 
cost effect production as well customized parts with 
extraordinary features such as multilateral fabrication, 
light weight hollow material and fabrication of complex 
structure which are not possible using traditional 
fabrication techniques such as CNC milling, casting or 
moulding [7]. Material information is not widely 
available in 3D printing due to the fact that the wide 
range of printing parameter combinations (infill %, layer 
thickness, infill pattern, speed, temperature) lead to very 
different outcomes [5]. Material properties will change 

depending on setting used within the printer. Determining 
the effect of process parameters is also an important 
aspect of this project, as it will improve knowledge about 
optimal settings and assist users in the correct selection of 
process parameters in real world applications [11].  
1.1 3D PRINTING OVERVIEW 
3D printing, also referred to as additive manufacturing 
(AM), rapid prototyping (RP), or solid free form 
fabrication (SFF), is the fabrication of objects through the 
deposition of a material, layer by layer using a print head, 
or nozzle, to make objects from 3D model data [1]. As 
Part of the 4th industrial revolution, Additive 
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Manufacturing (or 3D-Printing) holds extraordinary 
potential. Dating back to the 1980’s, the technology 
began to prototype new designs quickly and efficiently. 
For the following two decades, it developed as a niche 
technology with limited applicability, until new 
developments opened its potential to more serious 
applications [9] [10]. Today Medical uses for 3D printing 
include: tissue and organ fabrication; creation of 
customized prosthetics, implants, and anatomical models; 
and pharmaceutical research regarding drug dosage 
forms, and delivery [2]. 3D printers for biomedical 
applications are one of the current growth leaders within 
the market [3]. In 2014 the majority of 3D printers sold 
for use in the medical devices industry were based on 
material jetting and photo polymerization techniques 
where polymer based printing accounted for the majority 
of materials used in the market [3]. Fused deposition 
modelling (FDM) was first developed by Scott Crump in 
1989 [11]. It is one of the most widely used AM 
techniques. This is due to the availability of FDM printers 
also known as rep rap printers for both industrial and 
public use becoming affordable and widely available in a 
newly competitive market. 3D printers have verified their 
use in a wide range of applications for prototyping and 
engineering [12], customizing scientific equipment [13] 
and appropriate technology-related product 
manufacturing for sustainable development.  
Recent advances and uses in 3D printing include 3D-
printed patches infused with endothelial cells which are 
being used to treat Ischemia [14], a 3D Bio pen used to 
repair cartilage and bone whereby the pen is loaded with 
a bio-ink comprised of stem cells inside a biopolymer 
which is in turn protected by a second layer of hydrogel. 
The ink is then extruded onto the bone surface and 
solidified by a UV light embedded in the pen [15]. 
Materials used for printing include, ABS, PC and PLA 
[16]. Unlike ABS or PC, PLA is an environmentally 
friendly biodegradable polymer. PLA has been used in 
clinical applications for years and has been proven to be 
biocompatible and safe to use in vivo [[19]. It is evident 
that there is a need to thoroughly evaluate the properties 
of PLA components produced via FDM, for use in FEA 
analysis, so that they may continue to be successfully 
used for both industrial and general use. Furthermore, the 
use of FEA analysis will enable a greater understanding 
of how a 3D-printed part will perform in the physical 
world and it is an area that is developing to meet the 
needs of the additive manufacturing market [6].  
1.2 FUSED DEPOSITION MODELLING (FDM).  
It begins with a meshed 3D computer model that can be 
created by acquired image data or structures built in 
computer-aided design (CAD) software. A Stereo 
lithography (STL) file is created and the mesh data will 
be further sliced into a build file of 2D layers and sent to 
the 3D printing machine where the part is printed. FDM 

uses preformed polymer filament that is supplied on a 
spool as the building material.  
The PEEK-LT3 filament is fed to a fine print head or 
nozzle which melts and extrudes it [3] [20]. The extrusion 
temperature can be varied to suit the material that is being 
used. The nozzle, being free to move in the x, y and z 
axis, builds the 3D structure by injecting the melt onto a 
base plate and building its way up as the parts cure 
naturally [7]. As a natural consequence of this 
manufacturing approach, parts fabricated using FDM 
exhibit anisotropic properties. This implies that 
determination of the build strategy will have a 
pronounced effect on the properties and ultimately the 
performance of the part [21].  
PEEK-LT3 is an aliphatic polyester thermoplastic derived 
from starches of corn and sugarcane. PEEK-LT3 is 
immunologically inert as it gradually degrades into 
harmless this makes it attractive for use in the field of 
medicine. Additionally, PEEK-LT3 has a high glass 
transition temperature ( Tg = 257–300 oC) and melting 
temperature (Tm = 380–396 oC), Since the melting 
temperature is very high only on specialized type of 3D 
printing machines with high nozzle temperature can be 
used to print the samples. A study by Cuiffo et al 2017 
investigated the effect of the FDM printing process on the 
chemistry and structure of PEEK-LT3. It was found 
through extensive investigation that heating, melting, and 
recrystallization of the PEEK-LT3 as a function of the 
printing process has drastically changed the nature of the 
PEEK-LT3, making it stronger (via tensile testing 
measurements) and more chemically reactive. The FDM 
printing process results in changes to the structure of the 
PEEK-LT3, which is reflected in shifts in the temperature 
range and potential mechanism of cold crystallization, as 
well as the resulting melting characteristics [22]. 
Furthermore Drummer et al. 2012 [18] examined the 
material behavior of PEEK-LT3 during processing by 
FDM and the resulting part properties. Samples were 
printed at three different nozzle temperatures to determine 
the influence of the processing temperature and to 
evaluate using short-term tensile testing.  
2. MATERIALS AND METHODS.  
2.1 Fused Deposition Modelling.  
Fused deposition modelling (FDM) is an advanced 3D 
printing technique for the manufacture of plastic 
materials. The ease of use, prototyping accuracy and low 
cost makes it a widely used additive manufacturing 
technique. FDM creates 3D structures through the layer-
by-layer melt extrusion of a plastic filament. The 
production of a printed structure involves the generation 
of a digital design of the model by 3D design software 
and its execution by the printer until the complete model 
is reproduced. This review presents the current status of 
FDM, how to handle and operate FDM printers, industry 
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standards of printing, the types of filaments that can be 
used, the post-processing treatments, advantages, and 
limitations as well as an overview of the increasing 
application fields of FDM technology. The application 
areas of FDM are endless, including biomedicine, 
construction, automotive, aerospace, acoustics, textiles, 
and occupational therapy amongst others. Even during the 
current Corona virus disease (COVID19) pandemic, 

FDM has helped to fabricate face masks, ventilators and 
respiratory systems, respiratory valves, and 
nasopharyngeal swabs for COVID-19 diagnosis. FDM 
3D and 4D printing can produce polymeric and composite 
structures of various designs, and compositions in a range 
of materials according to the desired application. The 
review concludes by discussing the future prospects for 
FDM.

 
Fig. 2.1 Fused Deposition Modeling. 

2.2 Basic concepts of Fused Deposition Modelling.  
2.2.1 Main stages  
As a general scheme, the core principle of the FDM 
production method is simply to melt the raw material and 
facilitate the creation of new shapes. The material is made 
of a filament coil on a wheel that is driven into a 
temperature-controlled nozzle which heats it to a 
semiliquid. The nozzle accurately extrudes and guides the 
molten material to build a structural element layer by 
layer. This replicates the outlines of a layer that has been 
introduced into the FDM working system by the 
application program. FDM begins with the virtual design 
of the part to be printed which is generated using a 
computer-aided design (CAD) software in a “.stl” format. 
Some of the most popular software packages used to 
produce this type of files are AutoCAD, Free CAD, 

Autodesk Inventor, Solid Works or Tinker cad. The 
“.STL” file is processed by a slicing or laminating 
program which converts the design into printer-specific 
instructions so that the printer can “understand” the 
design. The “.stl” file is transformed into a “.gcode” file. 
The specifications necessary to be able to print the part, 
such as print speed, size of the print thread, temperature 
and layer height are selected in a slicer or slicing program 
such as Slic3r and Cura. These programs produce a file 
with “.gcode” format, which can be directly read by the 
printer to print the design [75]. The G-code is the most 
broadly used computer numerical control (CNC) 
programming language that is used in computer aided 
manufacturing to control automated machine tools 
including 3D printers [76]. Figure 1 shows a general 
summary of the FDM process.
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Fig. 2.2 General summary of the FDM process. 

2.3 3D PRINTED TEST SPECIMENS   
Dog bone type specimens seen in Figure 7 were prepared 
according to the geometry and dimensions specified in 
D638 – 14 Standard Test Method for Tensile Properties of 
Plastics [27]. The dog-bone specimen was designed using 
Solid works 2016 and thus it was exported in an STL 
format. This is the file format that can be imported to 
slicer, the program used by the Original Prusa i3 MK2 3D 
Printer to slice the part, design the road tool path and then 
send the related commands to the 3D Printer. See 
Appendix A for fully dimensioned drawing. Studies 
which have examined the mechanical properties of 3D 
printed polymer parts have shown to apply the same 
methodology for preparing a test piece for 3D printing. 
The specimen conforming to ASTM D638 is drawn in 
CAD and the file is then exported to the printer as an STL 
file [10], [21], [24]–[26].  
Test specimen size: The ASTM D-3039 [27] standard 
provides five individual test coupon dimensions (Types I 
through V) for the determination of tensile properties of 
plastics. Figure 3 illustrates ASTM Tensile Test 
Specimens Type I. The standard specifies the preference 
for Type I specimens over the alternatives, however it 
does not directly specify a recommended type to be used 
in the evaluation of parts fabricated through FDM 
technology [27]. ASTM/ISO protocols have not been 
established for testing of 3D printed polymer parts, 
existing methods provide guidelines to establish the 
fractural and tensile properties of PLA FDM components 
[25].  
The tensile strength is the maximum tensile stress of the 
material and can be found by applying equation:  
Stress=F/A          

 Where:  F= applied Force(N)  
               A=cross section area (mm2)  
The test process involves placing the test specimen in the 
testing machine and applying tension to it until it 
fractures. During the application of tension, the 
elongation of the gauge section is recorded against the 
applied force. The data is manipulated so that it is not 
specific to the geometry of the test sample. The 
elongation measurement is used to calculate the 
engineering strain, ε, using the following equation:   

 

where ΔL is the change in gauge length, L0 is the initial 
gauge length, and L is the final length. The force 
measurement is used to calculate the engineering stress, 
σ, using the following equation:   

 

Where F is the force and A is the cross-section of the 
gauge section. The machine does these calculations as the 
force increases, so that the data points can be graphed into 
a  stress- strain curve. Tensile test is performed to 
determine certain mechanical properties.   
A specifically prepared sample is placed in the heads of 
the testing machine and an axial load is placed on the 
sample through a hydraulic or mechanical loading 
system. The force is  
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Fig 2.3 ASTM Standard D-3039 Tensile Test Specimen. 
 

2.4 PRINTING OF TENSILE SPECIMENS.  
Printing of the tensile and specimens was carried out on 
an Original Prusa i3 MK2 3D printer which can be seen 
below in Figure 12. The printing material used was 1.75 

mm PLA filament. Each specimen was printed 
individually with a print time of between 20 minutes to 
60 minutes depending on print run settings.

 
Fig. 2.4. High-temperature FDM 3D printer used for PEEK-based filament fabrication.. 

A print time of approximately 100 hours was needed to 
complete printing of all specimens.  Tensile testing to 
evaluate the mechanical properties of each specimen was 
carried out on an Tinius Olsen H2K5S. A 10KN load cell 
was used with an extensometer with a gauge length of 

50mm. Speed of testing was determined using ASTM 
D638 Standard Test Method for Tensile Properties of 
Plastics [27]. A speed of 5.00 mm/min (in./min) was used 
as it is the recommended speed for type I test samples  
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Fig. 2.5 Tensile specimens of PEEK-LT3 Composites 
2.5 Mechanical Tests.   
2.5.1. Tensile testing  

 

Fig. 2.6 Tensile Test Machine. 
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Tensile testing to evaluate the mechanical properties of 
each specimen was carried out on an  
Tinius Olsen H2K5S. A 10Kn load cell was used with an 
extensometer with a gauge length of 50mm. Speed of 

testing was determined using ASTM D638 Standard Test 
Method for Tensile Properties of Plastic [27]. A speed of 
5.00 mm/min (in./min) was used as it is the recommended 
speed for type I test samples. 

 

2.5.2 Scanning Electron Microscope (SEM)  

 

Fig. 2.7 Scanning Electron Microscope Images (SEM) 
A Scanning Electron Microscope (SEM) is a type of 
electron that produces images of a sample by scanning the 
surface with a focused beam of electrons The electrons 
interact with atoms in the sample, producing various 
signals that contain information about the surface 
topography and composition of the sample. The electron 

beam is scanned in arrester scan pattern, and the position 
of the beam is combined with the intensity of the detected 
signal to produce an image. In the most common SEM 
mode, secondary electrons emitted by atoms excited by 
the electron beam are detected using a secondary electron 
detector (Everhart– Thornley detector). 

 
Fig. 2.8 Scanning Electron Microscope (SEM) 

2.5.4. Hardness. 
Hardness is the property of the material that enables to 
resist plastic deformation, usually by penetration. 
However, the term hardness may also refer to resistance 
to bending, scratching, abrasion or cutting. Hardness is 
not an intrinsic material property dictated by precise 

definitions in terms of fundamental units of mass, length 
and time. A hardness property value is the result of a 
defined measurement procedure. Hardness of materials 
has probably long been assessed by resistance to 
scratching or cutting. In general, addition of hard 
reinforcement in the matrix alloy results in improved 
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hardness of composites [8]. Presence of soft 
reinforcement in the matrix alloy reduces the hardness of 
the obtained composites. The type and extent of 
incorporation of the reinforcement has a influence on the 
hardness of the composite. The hardness of the composite 
depends on the nature of the reinforcement present and 
also on the quantity of the reinforcement. Further 
improvement in hardness can be obtained by heat 
treatment.   

2.5.5 Micro - Hardness.   
The microstructures of both with heat treated and without 
heat treated specimens were grinded on the Silicon 
Carbide abrasive paper of 300, 600, 800, 1000, & 1200 
grit sizes. The grinding was done in successive steps on 
each abrasive paper. After emery polishing, the specimens 
were thoroughly washed, dried and polished on a double 
disc polishing machine. Fig.4.8 shows the double disc 
polishing machine.  

 
3.  RESULTS AND DISCUSSION.  
3.1 TENSILE TEST:  

 

The graph presents the variation in tensile strength of the 
PEEK-LT3 composite with different concentrations of 
nano-hydroxyapatite (nHA) reinforcement. Tensile 
strength is a critical mechanical property that indicates 

the maximum stress a material can withstand before 
fracture under tensile loading conditions. From the graph, 
it is evident that the incorporation of nano-hydroxyapatite 
significantly improves the tensile strength of the 
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composite up to an optimum filler concentration, after 
which a slight reduction is observed [33-37]. This trend 
demonstrates the important role of nHA reinforcement in 
enhancing the load-bearing capability and structural 
integrity of the PEEK composite. The unreinforced 
PEEK-LT3 composite containing 0 wt.% nHA exhibits a 
tensile strength of 174.6 MPa, which serves as the 
baseline mechanical performance of the material. In the 
absence of reinforcement particles, the polymer matrix 
alone resists the applied tensile forces. Although PEEK 
inherently possesses good mechanical strength and 
toughness, the lack of reinforcing fillers limits its 
resistance to crack propagation and deformation under 
high tensile stress.Upon the addition of 3 wt.% nHA, the 
tensile strength increases substantially to 239.36 MPa. 
This considerable improvement indicates that even a 
small amount of nano-hydroxyapatite effectively 
strengthens the composite structure. The enhancement in 
tensile strength can be attributed to the uniform 
dispersion of nHA particles within the PEEK matrix and 
the improved interfacial bonding between the 
reinforcement and polymer phases. The nanoparticles act 
as stress-transfer agents, enabling the applied load to be 
distributed more efficiently throughout the composite. 
Furthermore, the presence of nHA particles restricts the 
mobility of polymer chains and inhibits crack initiation, 
thereby improving the resistance of the material to tensile 
failure. The maximum tensile strength of 277.66 MPa is 
achieved at 6 wt.% nHA, indicating that this composition 
provides the optimum reinforcement effect. At this 
concentration, the nanoparticles are likely to be well 
dispersed and strongly bonded to the matrix, resulting in 
highly effective stress transfer between the PEEK matrix 
and the ceramic reinforcement [4-7]. The strong 
interfacial adhesion enhances the ability of the composite 
to withstand higher tensile loads before fracture. In 
addition, the well dispersed nanoparticles contribute to 
crack deflection and crack bridging mechanisms, which 
delay crack propagation and improve the overall 
mechanical performance. Compared to the unreinforced 
composite, the tensile strength at 6 wt. % nHA shows a 

remarkable increase, demonstrating the significant 
reinforcing capability of nano-hydroxyapatite. However, 
when the nHA content is further increased to 9 wt.%, the 
tensile strength slightly decreases to 266.84 MPa. 
Although the tensile strength remains considerably higher 
than that of pure PEEK-LT3, the reduction compared to 
the 6 wt.% composition suggests that excessive addition 
of nano-hydroxyapatite adversely affects the composite 
performance. At higher filler concentrations, 
nanoparticles tend to agglomerate due to their large 
surface area and high surface energy. These agglomerated 
regions create stress concentration sites within the matrix, 
which may initiate microcracks during tensile loading. 
Moreover, excessive ceramic reinforcement reduces the 
ductility and flexibility of the polymer matrix, causing the 
material to become relatively brittle. As a result, the 
tensile strength decreases slightly beyond the optimum 
reinforcement level. Overall, the graph clearly 
demonstrates that the addition of nano-hydroxyapatite 
significantly enhances the tensile strength of PEEK-LT3 
composites up to an optimum concentration of 6 wt.% 
nHA. The improvement in mechanical performance is 
primarily due to enhanced interfacial bonding, efficient 
stress transfer, restricted polymer chain movement, and 
improved crack resistance provided by the uniformly 
dispersed nanoparticles [40]. The slight decrease 
observed at higher filler loading is mainly associated with 
particle agglomeration and increased brittleness of the 
composite. Therefore, based on the obtained results, 6 
wt.% nHA can be considered the optimum reinforcement 
concentration for achieving maximum tensile strength in 
the developed PEEK-LT3+nHA composite system. 
3.2 Impact Strength. 
The mechanical characterization of PEEK-LT3 and its 
carbon fiber reinforced composites reveals a contrasting 
behavior in tensile and impact strength with respect to 
reinforcement content. The tensile strength results 
showed a progressive improvement from 174.6 MPa for 
neat PEEK-LT3 to a peak of 277.66 MPa at 6% nHA, 
representing an enhancement of nearly 59%. 
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The graph illustrates the variation in impact strength of 
the 3D-printed PEEK-LT3 composites with different 
concentrations of nano-hydroxyapatite (nHA) 
reinforcement. Impact strength is an important 
mechanical property that represents the ability of a 
material to absorb sudden impact energy before fracture. 
The graph clearly shows that the impact strength of the 
composite increases progressively with the addition of 
nHA up to an optimum concentration and then exhibits a 
slight reduction at higher filler loading [28]. This trend 
indicates that both nano-hydroxyapatite reinforcement 
and the 3D-printing process significantly influence the 
toughness and energy absorption capability of the 
developed composite material. The pure 3D-printed 
PEEK-LT3 composite containing 0 wt.% nHA exhibits an 
impact strength of 32 kJ/m², which serves as the baseline 
value for comparison. In this condition, the material 
consists only of the polymer matrix fabricated through the 
3D-printing process. Although PEEK possesses excellent 
inherent toughness and thermal stability, the absence of 
reinforcing particles limits its resistance to sudden impact 
loading. In additively manufactured components, factors 
such as interlayer bonding, raster orientation, layer 
adhesion, and printing temperature strongly influence the 
impact performance [19-26]. During 3D printing, 
incomplete fusion between adjacent deposited layers can 
create weak interfaces and microscopic voids, which may 
act as crack initiation sites under impact loading. As a 
result, the impact strength of the unreinforced composite 
remains comparatively lower. When 3 wt.% nHA is 
incorporated into the PEEK matrix, the impact strength 
increases significantly to 39.7 kJ/m². This improvement 
demonstrates that the addition of nano-hydroxyapatite 
effectively enhances the toughness of the composite. The 
increase in impact strength can be attributed to the 

uniform dispersion of nanoparticles within the polymer 
matrix and the improved interfacial interaction between 
PEEK and nHA. The nanoparticles act as reinforcement 
centers that absorb and redistribute impact energy more 
efficiently throughout the composite structure. 
Furthermore, the presence of well-dispersed nHA 
particles hinders crack initiation and propagation during 
sudden loading conditions. In the context of 3D printing, 
the nanoparticles may also improve the thermal 
conductivity and melt behavior of the composite during 
extrusion, leading to better interlayer diffusion and 
stronger bonding between printed layers. Improved 
interlayer adhesion contributes significantly to enhanced 
impact resistance in additively manufactured composites. 
The maximum impact strength of 44.5 kJ/m² is achieved 
at 6 wt.% nHA, indicating that this composition provides 
the optimum reinforcement effect for the 3D-printed 
PEEK-LT3 composite. At this concentration, the 
nanoparticles are likely to be uniformly distributed 
throughout the matrix, resulting in effective stress transfer 
and enhanced energy dissipation mechanisms [39-40]. 
The strong interfacial bonding between the PEEK matrix 
and nHA particles improves the ability of the composite 
to resist crack growth under impact loading. In addition, 
several toughening mechanisms such as crack deflection, 
crack pinning, and particle-matrix debonding contribute 
to higher energy absorption before failure. From the 3D-
printing perspective, the optimized filler concentration 
may improve the fusion between deposited filaments, 
reduce internal porosity, and strengthen the layer-by-layer 
structure of the printed composite. Better interfacial 
fusion between printed layers minimizes weak regions 
and enables the material to withstand higher impact 
forces. Therefore, the combined effect of nanoparticle 
reinforcement and improved printing-induced 
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microstructure results in the highest impact strength at 6 
wt.% nHA. However, when the nHA concentration is 
further increased to 9 wt.%, the impact strength slightly 
decreases to 43 kJ/m². Although the value remains higher 
than the unreinforced PEEK composite, the reduction 
compared to the 6 wt.% composition suggests that 
excessive filler loading negatively affects the toughness 
of the material. At higher concentrations, nano-
hydroxyapatite particles tend to agglomerate due to their 
high surface energy, leading to non-uniform dispersion 
within the matrix. These agglomerated regions create 
stress concentration points that facilitate crack initiation 
under impact loading. Additionally, excessive ceramic 
filler reduces the ductility and flexibility of the polymer 
matrix, causing the composite to become relatively brittle. 
In 3D printing, higher filler content can also adversely 
affect the extrusion behaviour and flow ability of the 
material, leading to incomplete filament fusion, increased 
porosity, and weaker interlayer bonding. Such defects 
reduce the ability of the composite to absorb impact 

energy efficiently, resulting in a slight decline in impact 
strength at higher nHA loading. Overall, the graph 
demonstrates that the incorporation of nano-
hydroxyapatite significantly enhances the impact strength 
of 3D-printed PEEK-LT3 composites up to an optimum 
concentration of 6 wt.% nHA. The improvement in 
impact performance is mainly attributed to enhanced 
interfacial bonding, efficient stress transfer, crack 
resistance mechanisms, and improved interlayer adhesion 
produced during the 3D-printing process. The slight 
decrease at higher filler loading is associated with particle 
agglomeration, increased brittleness, and possible 
printing-related defects such as poor filament fusion and 
void formation [7-11]. Therefore, based on the observed 
results, 6 wt.% nHA can be considered the optimum 
reinforcement concentration for achieving maximum 
impact strength and superior mechanical performance in 
the developed 3D-printed PEEK-LT3+nHA composite 
system.

 

3.3 Hardness   

 
The graph illustrates the variation in Vickers Hardness 
Number (VHN) of the 3D-printed PEEK-LT3 composites 
with different concentrations of nano-hydroxyapatite 
(nHA) reinforcement. Hardness is an important 
mechanical property that indicates the resistance of a 
material to localized plastic deformation, indentation, 
scratching, and wear. From the graph, it can be clearly 
observed that the hardness of the composite increases 
continuously with increasing nHA content. This trend 
demonstrates that the incorporation of nano-
hydroxyapatite significantly enhances the surface 
hardness and stiffness of the PEEK-based composite 
material[4]. The pure PEEK-LT3 composite without 

reinforcement, containing 0 wt. % nHA, exhibits a 
Vickers hardness value of 55 VHN, which represents the 
baseline hardness of the polymer matrix. PEEK is a high-
performance thermoplastic polymer known for its 
excellent toughness, chemical resistance, and thermal 
stability; however, its hardness is comparatively lower 
than ceramic-reinforced composites. In the absence of 
reinforcing particles, the material undergoes relatively 
higher localized deformation when subjected to 
indentation during hardness testing. Furthermore, in 3D-
printed polymer components, the existence of 
microscopic voids, layer boundaries, and incomplete 
fusion between deposited filaments can slightly reduce 
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the hardness performance of the printed structure [5-7]. 
When 3 wt.% nHA is added to the PEEK matrix, the 
hardness increases significantly to 67 VHN. This 
improvement indicates that the incorporation of nano-
hydroxyapatite enhances the resistance of the composite 
against plastic deformation. The increase in hardness can 
be attributed to the intrinsic hardness and stiffness of 
hydroxyapatite particles, which act as rigid reinforcement 
within the softer polymer matrix. The uniformly 
dispersed nanoparticles restrict the movement of polymer 
chains and improve the load-bearing capability of the 
composite surface. Additionally, the strong interfacial 
bonding between PEEK and nHA facilitates efficient 
stress transfer during indentation, thereby increasing the 
overall hardness of the material. Further increasing the 
reinforcement concentration to 6 wt.% nHA results in a 
hardness value of 75 VHN, showing a continued 
improvement in surface strength and rigidity. At this 
concentration, the nanoparticles are likely well dispersed 
within the matrix, leading to enhanced reinforcement 
efficiency. The increased ceramic content strengthens the 
composite structure by reducing localized deformation 
under the indenter. In addition, the presence of nano-
hydroxyapatite particles contributes to improved 
resistance against wear and surface damage. From the 
perspective of 3D printing, optimized filler loading may 
also improve the dimensional stability and interlayer 
bonding of the printed material by enhancing heat 
distribution during filament deposition. Better interlayer 
adhesion minimizes weak regions within the printed 
structure, thereby contributing to higher hardness values. 
The maximum hardness value of 81 VHNis obtained at 9 
wt. % nHA, indicating that increasing ceramic 
reinforcement continuously improves the hardness of the 
composite. Unlike tensile or impact properties, hardness 
generally benefits from higher ceramic filler content 
because hydroxyapatite particles possess inherently high 

rigidity and resistance to indentation. The increased 
amount of nHA reduces the mobility of the polymer 
matrix and increases the stiffness of the composite 
surface. As a result, the material exhibits greater 
resistance to indentation and surface deformation. 
Moreover, the higher ceramic content enhances the 
compactness of the composite microstructure, which 
further contributes to increased hardness. The 
improvement in hardness with increasing nHA content 
can also be associated with the effects of the 3D-printing 
process. In fused filament fabrication or similar additive 
manufacturing techniques, processing parameters such as 
nozzle temperature, raster orientation, layer thickness, 
and cooling rate influence the micro structural integrity of 
the printed composite. The addition of nHA particles may 
improve thermal stability and reduce shrinkage during 
printing, leading to improved layer fusion and reduced 
porosity [11-13]. A denser and more compact printed 
structure enhances the hardness performance of the final 
component. However, excessive filler loading beyond the 
investigated range could potentially cause particle 
agglomeration and poor printability, which may 
eventually affect the uniformity of the material. Overall, 
the graph clearly demonstrates that the incorporation of 
nano-hydroxyapatite significantly improves the Vickers 
hardness of 3D-printed PEEK-LT3 composites. The 
hardness increases steadily from 55 VHN for pure PEEK-
LT3 to 81 VHN at 9 wt. % nHA, indicating substantial 
enhancement in surface strength and resistance to 
deformation. The improvement is mainly attributed to the 
high stiffness of hydroxyapatite particles, enhanced 
interfacial bonding, restricted polymer chain mobility, 
and improved micro structural integrity produced during 
the 3D-printing process. Therefore, the addition of nHA 
reinforcement is highly effective in enhancing the 
hardness and wear resistance of the developed PEEK-
based composite system [14]. 
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3.4 MICRO STRUCTURE.   

 
Fig 3.4 : Microscopic view of specimen a)  PEEK-LT3-0%Wt  nHA b)  PEEK-LT3-3%Wt  nHA c)  PEEK-

LT3-6%Wt  nHA  d)  PEEK-LT3-9%Wt  nHA 
The microstructure of the hybrid composites was 
examined using an optical microscope (Model: 
Olympus), and a scanning electron microscope (SEM). 
JSM-6610LV scanning electron microscope equipped 
with energy dispersive X-ray analyzer (EDX) was used to 
study microstructure of the hybrid composites. The 
samples of unreinforced and hybrid composites for SEM 
were cut from tensile specimens and ground by means of 
abrasive papers followed by rotating disk cloth polishing. 
Keller’s reagent (95ml water, 2.5ml HNO3, 1.5ml HCl, 
1.0ml HF). The optical micrographs presented in Figure 
3.4 show the micro structural evolution of PEEK-LT3 and 
its carbon-fiber-reinforced composites at different 
reinforcement levels of 0%, 3%, 6%, and 9% nHA [41].  
In Image A, corresponding to neat PEEK-LT3 (0% nHA), 
the microstructure appears homogeneous with a 
continuous polymer matrix and smooth boundaries, 
reflecting the ductile nature of the material but also 
explaining its relatively low tensile strength and hardness 
[38]. Image B, representing the composite with 3% nHA, 

reveals the presence of dispersed reinforcement with 
regions of clustering and dark boundaries that disrupt 
matrix continuity. These irregularities act as stress 
concentrators, which reduce impact resistance and limit 
the improvement in tensile properties. In Image C, 
corresponding to 6% nHA, the fibers appear more 
uniformly distributed with better bonding at the fiber–
matrix interface and fewer voids. These irregularities act 
as stress concentrators, which reduce impact resistance 
and limit the improvement in tensile properties. In Image 
C, corresponding to 6% nHA, the fibers appear more 
uniformly distributed with better bonding at the fiber–
matrix interface and fewer voids. 
These irregularities act as stress concentrators, which 
reduce impact resistance and limit the improvement in 
tensile properties. In Image C, corresponding to 6% nHA, 
the fibers appear more uniformly distributed with better 
bonding at the fiber–matrix interface and fewer voids. 
This improved homogeneity and load transfer efficiency 
and crack-arresting ability, which correlates with the peak 
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tensile strength and significant increase in hardness 
observed for this composition, making it the optimum 
reinforcement level. Finally, Image D, corresponding to 
9% nHA, shows a denser fiber network with some signs 
of agglomeration and micro void formation. While the 
higher reinforcement level contributes to improved 
hardness and wear resistance, the presence of clusters 
reduces ductility and introduces brittleness, leading to a 
slight decline in tensile and impact properties compared 
to the 6% nHA composition.  
3.5 SEM.  
The scanning electron micrographs of PEEK-LT3 and its 
carbon fiber-reinforced composites at different fiber 
loadings reveal distinct morphological features that 
correlate well with the observed mechanical properties 
[9]. In the case of neat PEEK-LT3 (0% nHA), the 
microstructure appears relatively smooth and 
homogeneous, with no reinforcing elements visible. This 

matrix-dominated morphology explains the lower tensile 
strength and hardness, while the absence of rigid fillers 
allows the polymer to retain higher ductility and impact 
resistance. At 3% carbon fiber reinforcement, the SEM 
image shows the presence of fiber fragments partially 
embedded within the matrix, but also reveals interfacial 
voids and evidence of fiber pull-out [21]. The non-
uniform dispersion and localized clustering of fibers 
reduce effective stress transfer, which corresponds to only 
a moderate improvement in tensile strength and a decline 
in impact performance. A significant improvement is 
observed at 6% nHA, where the microstructure displays 
well dispersed fibers with improved adhesion to the 
matrix, fewer voids, and stronger interfacial bonding. The 
rough fracture surface and fractured fibers indicate 
effective load transfer and higher energy absorption, 
which is consistent with the peak tensile strength and 
hardness recorded at this reinforcement level [29].

 
Fig 4.4: SEM Images. a)  PEEK-LT3-0%Wt  nHA b)  PEEK-LT3-3%Wt  nHA c)  PEEK-LT3-6%Wt  nHA  d)  

PEEK-LT3-9%Wt  nHA 



Evaluation of mechanical properties of PEEK-LT3+nHA Composites for Biological applications by using 3D printing technology 

IJDDT, Volume 16 Issue 57s, 2026 Page 949 

However, at 9% nHA, the micrograph shows a dense 
concentration of fibers along with clear signs of 
agglomeration and micro void formation. Although 
hardness continues to improve due to the higher fiber 
content, the clustering and poor interfacial bonding 
reduce ductility and lead to a slight reduction in tensile 
and impact properties compared to the 6% nHA 
composition. Overall, the SEM analysis validates that 
uniform dispersion and strong interfacial bonding at 6% 
nHA yield the most balanced mechanical performance, 
while higher reinforcement levels increase brittleness 
despite improving hardness.  
4. COCLUSION 
PEEK-LT3/nHA composites were successfully fabricated 
using FDM-based 3D printing and evaluated for their 
mechanical and microstructural properties. The addition 
of nano-hydroxyapatite significantly enhanced the tensile 
strength, impact strength, and hardness of the composites. 
The optimum performance was achieved at 6 wt.% nHA, 
with a tensile strength of 277.66 MPa and impact strength 
of 44.5 kJ/m² due to improved interfacial bonding, 
uniform particle distribution, and better layer adhesion 
during printing. Hardness increased continuously with 
increasing nHA content, reaching 81 VHN at 9 wt.% 
nHA. SEM and microstructural analysis confirmed 
improved matrix–reinforcement interaction at optimum 
reinforcement levels, while higher filler loading caused 
agglomeration and increased brittleness. Overall, the 
developed 3D-printed PEEK-LT3/nHA composites 
demonstrated excellent potential for biomedical and 
lightweight structural applications.  
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