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ABSTRACT 

 

Advanced bioactive ceramic materials, Hydroxyapatite (HA) and Polylactic 

Acid (PLA) are common in bone regeneration implants. As demand for 

customised implant products increases, research increasingly focuses on 

developing composite filament manufacturing technology. However, creating 

PLA/HA composite filament faces challenges, including clumping HA particles 

and uneven flowability. The brittleness of the filament properties makes it 

unsuitable for Fused Deposition Modelling (FDM) printing, causing 

inconsistent extrusion and reduced filament strength. The purpose of this study 

is to compare the effectiveness of microHAs (m-HAs) and nanoHAs (n-HAs) in 

the production of filament composite fibers, based on the flowability 

assessment. The particle size of the micro-HA was reduced to nano by a ball 

mill process using 4 mL ethanol and the ball-powder ratio of 5:1, which was 

verified by the particle size analyzer. The feedstock comprises 79.5 wt.% PLA, 

19.5 wt.% HA and 1 wt.% impact modifier (IMK) was mixed and rheological 

tested (130 ℃ to 150 ℃, shear rate: 20-1000 s-1) to achieve pseudoplastic 

behaviour (n<1). The rheological tests showed that both feedstocks exhibited 

pseudoplastic behaviour (n<1) across all temperatures studied. The properties 

of the feedstock were observed by scanning electron microscopy (SEM), and 

tensile tests evaluated the filament strength. The investigation found that nano-

sized HA filament has 24% higher strength than micro-sized PLA/HA filament. 
 

Keywords: Polylactic Acid; Hydroxyapatite; Rheology; Filament Testing; 
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Introduction 
 

Digital fabrication technology, commonly known as 3D printing, has gained 

significant global utilization, particularly for mass customization and open-

source design creation across many industries, including healthcare, 

automotive, aviation, and agriculture. This technology enables the layer-by-

layer material deposition of objects directly from computer-aided design 

(CAD) models, showcasing its innovative and versatile nature [1]. This 

research focuses on using 3D printing in medical contexts, which led to 

numerous advancements in medical technology, including applications such as 

personalized implant materials, prosthetics, scaffolds, and orthotics [2]. The 

prevalent method for 3D printing that employs polymers to construct models 

or prototypes is recognized as Fused Deposition Modelling (FDM). This 

approach is straightforward and user-friendly guaranteeing efficient material 

usage and better physical results [3]. The fundamental principle underlying 

FDM involves raw materials' melting and subsequent shaping to create novel 

forms [4].  

Polylactic acid (PLA) is a versatile biopolymer prominently utilized in 

the FDM process. For 3D printing evolution, PLA has emerged as a primary 

choice due to its user-friendly nature and lower printing temperature 

requirement. Its environmental sustainability stands out as it originates from 

renewable resources. Despite its reputation as a brittle substance with 

relatively low impact strength, PLA's mechanical attributes span from rigid, 

high-strength compositions to more pliable forms [5]. 

In bone repair, calcium phosphate has found extensive use due to its 

excellent biological properties [6]. Hydroxyapatite (HA) is the most stable 

among calcium phosphates, rendering it highly suitable for diverse medical 

applications, including dental restorations and implants. Its biocompatible 

ceramic properties have found extensive use in various medical fields, 

particularly in bone tissue. Leveraging its impressive mechanical strength as 

part of composite materials, HA has been harnessed for the regeneration of 

hard tissues [7]. However, its brittleness and limited mechanical strength have 

posed challenges, restricting its application in various scenarios. Incorporating 

an impact modifier (IMK) has been employed to enhance impact strength, 

ductility, and filament quality in compositions like PLA/micro-HA and 

PLA/nano-HA [8].  

The combination of biopolymers and bioactive ceramics can achieve a 

balanced mechanical behaviour and bioactivity. The degradation of PLA, 

which results in acidic degradation, can lead to an acid-base imbalance on the 

defective side, and the addition of HA can neutralize this acidity [9]-[10]. The 

blending of PLA and HA can alleviate the negative aspects of the polymer, 

resulting in enhanced bioactivity, biocompatibility, high osteointegration, and 

osteoconductivity in the printed composite [9], [11]-[12]. As indicated by 

Bernardo et al. [11], the wettability of PLA can be improved by the presence 
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of HA, making the composite scaffold more hydrophilic. This property 

enhances cell proliferation and adhesion during the regeneration process, 

reducing the risks of infection and rejection to a minimum. The PLA/HA 

composite scaffold demonstrates congruence with natural bone tissue 

regarding structure, mechanical compatibility, and composition. 

According to a study by Wu et al. [12], bending strength increases by 

1.8-fold when the composite's micro-sized HA(m-HA) loading increases from 

0 to 40 wt.%. However, at high concentrations of m-HA, the composite 

filament experiences a significant deterioration in printability. As a result, the 

commonly applied m-HA loading for FDM is 15 wt.%. Wang et al. [9] reported 

that the addition of nano-HA(n-HA) particles to the composite can enhance the 

mechanical behaviour of the PLA/n-HA composite, with n-HA loading 

generally kept lower than 15 wt.% compared to higher amounts of HA (20 

wt.%, 30 wt.%, 40 wt.%, and 50 wt.%). This is because adding n-HA content 

negatively affects the ductility of PLA and renders the PLA/n-HA composite 

more prone to becoming brittle. Pandele et al. [13] indicated that adding 18 

wt.% HA nanoparticles along with silver nanoparticles to the PLA matrix 

results in superior mechanical strength and excellent antibacterial properties, 

especially when compared to higher n-HA contents. Achieving a 

homogeneous dispersion and distribution of HA as an inorganic filler in the 

PLA matrix becomes difficult as the HA content increases. This is because 

higher HA content can lead to the formation of agglomerations within the 

composite, diminishing the shielding effect of the particles. Therefore, the 

optimal composition of HA for this study is determined to be 10 wt.%, which 

is believed to exert a maximum impact on the composite material.  

Based on the comprehensive analysis of the literature, it is apparent that 

there is a gap in research addressing the influence of varying particle sizes of 

HA in a PLA matrix. Most studies instead utilized a uniform particle size of 

HA, whether in micro or nano forms [7], [9]-[10]. Particle size is pivotal as a 

reinforcing element in composites, significantly influencing their overall 

quality. Key parameters in particle size analysis include surface area, 

dimensions, projected area, volume, or cross-sectional area. Different particle 

sizes exhibit distinct functions. For instance, smaller particles have a larger 

exposed surface area interacting with the polymer matrix, enhancing 

dispersibility. This, in turn, contributes to greater mechanical strength 

compared to smaller particle sizes. Therefore, it is imperative to delve further 

into understanding the impact of different particle sizes of HA on composite 

materials. In this study, the utilization of IMK is anticipated to yield additional 

ductility to the composite material. 

This study aims to observe the flow behaviour of the composite through 

the determination of the flow behaviour index, denoted as 'n', across a range of 

temperatures of both micro and nano-composite material. The tensile test was 

conducted on both composite filaments. This test was performed to ascertain 

which type of composite, whether incorporating micro-sized or nano-sized HA 
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particles, exhibited superior strength. The study provides insights into the 

potential advantages of utilizing either m-HA or n-HA particles for reinforcing 

PLA-based composites. 

 

 

Methodology 
 

Ball milling 
The process involved the utilization of a Fritsch Planetary Ball Mill Machine 

to synthesize n-HA through a wet milling method. This approach aimed to 

transform m-HA into n-HA particles, employing a grinding aid solution 

consisting of ethanol (C₂H₆O). This ethanol solution served the purpose of 

reducing the size of HA particles and preventing their agglomeration [14]. 

Both the ball mill jar, and the grinding media (balls) are alumina-type. During 

the process, the ball mill rotated at a speed of 150 revolutions per minute (rpm) 

and operated for 6 hours per session, maintaining a ball-to-powder ratio (BPR) 

of 5:1. The ball milling procedure was repeated five times to achieve the 

desired quantity of approximately 400 g of n-HA. The size of the milled HA 

particles was determined using a particle size analyzer to ascertain the resulting 

size of the n-HA particles obtained accurately. 

 

Material characterization 
Four different materials characterization analyses were conducted based on the 

respective materials: raw materials (PLA, HA, and IMK), as well as their 

composite. These analyses encompassed particle size distribution, thermal 

behaviour, morphology, and density. Two types of particle size analysers were 

employed: the Malvern Panalytical Mastersizer 2000 covering a size range of 

0.02 to 2000 microns, and the Zetasizer Nano ZS with a range of 0.3 nm to 10 

microns. Both analysers were used to assess the sizes of micro and nano-size 

HA particles. The standard refractive index (RI) value for HA is 1.651. 

Differential scanning calorimetry (DSC) is a thermal analysis method utilized 

to assess material characteristics like crystallization temperature, glass 

transition, and melting point. The technique employs pyrolysis nitrogen gas, 

with a heating rate of 10 ºC/min and a temperature range from 27 ºC to 500 ºC. 

Scanning Electron Microscopy (SEM) is commonly employed to produce 

detailed images of object shapes, aiding in material characterization by 

revealing particle attributes such as size, shape, surface structure, porosity, 

composition, and defects. The density of both composite feedstocks was 

determined using the Archimedes principal method [15].  

 

Mixing and blending 
The Internal Mixer Rheomix 600 machine was employed to mix and blend the 

materials for feedstock production. The composition for both composite 

materials (PLA/micro-HA and PLA/nano-HA) with added impact modifier 
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(IMK) was identical: 79.5 wt.% PLA, 19.5 wt.% HA, and 1 wt.% IMK. 

Initially, the temperature and speed were set at 190 ºC and 15 rpm, 

respectively. Half of the PLA was added to the tank and mixing began. After 

three minutes, the remaining PLA poured, and the speed was increased to 30 

rpm. Within two more minutes, the speed was raised further to 45 rpm, and 

then IMK was added to the tank. Finally, HA powder was incorporated at 60 

rpm. This blending process lasted around 45 minutes on average to ensure 

thorough homogenization of the feedstocks. Subsequently, a jaw crusher was 

used to break down the solidified feedstocks into granules. This mixing 

procedure was repeated five times for each composite, generating 

approximately 350 g of composite granules. 

 

Rheological analysis 

The Rosand Capillary Rheometer machine was utilized to assess the elasticity 

and shear viscosity of the materials. Rheological properties are affected by 

factors like shear rate, pressure, and temperature. In the rheological test, the 

shear rate varied from 20 s-1 to 1000 s-1, press pressure of 0.1 MPA and a 1 

mm diameter of die size. The testing was carried out at temperatures of 130 

ºC, 140 ºC, and 150 ºC. The collected data encompassed shear viscosity, shear 

stress, and flow behaviour index (n). 

 

Filament fabrication 
Both composite filaments were produced using a twin-screw extruder (model: 

Haake Poly Lab OS; screw diameter: 16 mm, L/D: 25). Both composites were 

dried first at a temperature of 50 °C for 8 hours. The filaments were fabricated 

with a screw speed of 30 rpm, maintaining a feed zone temperature of 190 °C, 

compression zone temperature of 170 °C, metering zone temperature of 160 

°C, and exiting the circular die with a diameter of 3 mm at a temperature of 

150 °C. The resulting filament exhibited a fabricated diameter of 1.75 ± 0.1 

mm. 

 

Filament testing 
The mechanical attributes of the filaments were assessed through a tensile test 

conducted on a Universal Testing Machine. The filament is approximately 110 

mm in length and the gauge length is 60 mm. The test was carried out at a 

speed of 2 mm/min, utilizing a thickness equivalent to the composite filament's 

diameter of 1.75 mm. A load cell of 2.5 kN was employed.  

 

 

Results and Discussion 
 

Material characterization 
The m-HA used in this study was sourced from the same batch as the HA 

employed in the study conducted by Marzuki et al. [15], wherein the particle 
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size of m-HA was reported as 8.32 μm. Based on this research, the graph of m-

HA particle size distribution depicts a bimodal distribution. This dual-peak 

pattern in the frequency distribution suggests the presence of two distinct 

groups of particle sizes. Obtaining greater packing densities is possible when 

particle sizes are uneven [15]-[16]. The analysis of the particle size distribution 

for milled-HA, which was initially targeted to achieve a nano size, was 

conducted using the Zetasizer (nano) machine, and the results are presented in 

Table 1. The Z-average diameter value measured at 346 nm signifies the 

successful transformation of m-HA into the n-HA size range. In the realm of 

nanoparticles, the polydispersity index (PdI) serves as a gauge to assess the 

uniformity of particle solutions. It also provides insights into the consistency 

and efficacy of changes on particle surfaces and serves as an indicator of 

potential nanoparticle aggregation [17]. The PdI value spans a range from 0.0 

(indicative of a fully uniform particle size sample) to 1. When the value trends 

toward 1, it suggests a broader size distribution within the sample. In the case 

of the measured n-HA sample, the PdI value was recorded at 0.487, falling 

within the preferred range. A PdI value below 0.5 is generally considered 

indicative of a favourable size distribution [18]. Figure 1 shows that the n-HA 

sample exhibits a bimodal distribution. This distinctive curve indicates the 

presence of both finer and coarser particles. The prominent peak on the right 

signifies the presence of larger particles, while the lower peak on the left 

corresponds to smaller particles. These two distinct peaks can be attributed to 

the uneven size distribution of the m-HA particles before the milling process. 

 

Table 1: Particle size analysis of nano-HA 
 

Particle name Nano-hydroxyapatite (n-HA) powder 

Particle RI 1.65 

Temperature (ºC) 25.0 

Count rate (kcps) 133.4 

Cell description Disposable sizing cuvette 

Measurement position (mm) 4.65 

Duration used (s) 80 

Pdl 0.487 

Z-average (d.nm) 346 nm 

 

PLA/HA/IMK composite 
DSC analysis was performed on both PLA and IMK samples. Figure 2 reveals 

the presence of two endothermic peaks corresponding to their respective glass 

transition temperature, Tg and melting points, Tm; while exothermic peak 

indicates crystallization temperature, Tc. In the case of PLA, the initial 

endothermic peak at 59.78 °C is attributed to the Tg process, signifying the 

transition of the polymer into a highly elastic state. The second endothermic 

peak observed at 154.82 °C indicates the Tm of the PLA pellet. A study by 
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Olam et al. [19] reported the DSC results for granular PLA, with Tg recorded 

at 60 °C and Tm at 155 °C. The trend and values of the Tg and Tm of PLA align 

closely with previous research findings. Minor discrepancies in these 

temperatures can be attributed to variations in the manufacturing process, 

which can slightly impact Tg and Tm [9]. PLA pellets do not exhibit a distinct 

crystallization curve (exothermic peak for Tc). This is attributed to PLA being 

a semicrystalline polymer known for its sluggish crystallization kinetics [20], 

along with its low crystalline content (approximately 3-5 wt.%) [21]. Moving 

on to IMK, the DSC analysis yields Tg and Tm of 60.65 ºC and 153.46 ºC, 

respectively. The Tm of the mixing process is set at higher or within the range 

of the melting temperature. 

 

 
 

Figure 1: Plotted graph of intensity (%) against size (d.nm) 

 

Moreover, the inclusion of HA and IMK in PLA influences the results 

of DSC analysis, affecting the values of Tg, Tc, and Tm , as depicted in Table 2. 

This influence arises from factors like the presence of crystalline substances 

and impurities in the input materials due to the composition (including HA and 

IMK), chain flexibility, intermolecular interactions, and molecular weight 

[22]. The Tg temperature of PLA/m-HA/IMK and PLA/n-HA/IMK were 51.08 

ºC and 53.68 ºC, respectively, which is lower than the Tg of pure PLA pellets 

(59.78 ºC). The Tg value depends on the interface between the filler and 

polymer matrix, as well as the number of particles per unit volume in the 

composites [11]. The decrease in Tg of both composites indicates a softening 

of the polymer chain. This outcome results from the increased interfacial area 

caused by the presence of HA and IMK, leading to reduced mobility of 

polymer chains and consequently lowering Tg in comparison to pure PLA 

pellets. The variation in Tg values might be attributed to the structural 

relaxation peak, which can impact the accuracy of determining the inflection 

point [20]. The incorporation of HA into the polymer matrix results in the PLA 

composite having a crystallinity temperature, of Tc. This is attributed to the 

influence of HA particles acting as nucleating agents, leading to decreased 
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amorphous content and reduced free volume within the composite. 

Consequently, this trend impacts the mechanical properties, such as tensile 

strength, bending strength, and stiffness of the composite [11]. Both PLA/m-

HA/IMK and PLA/n-HA/IMK exhibit higher Tm values compared to pure PLA 

pellets, measuring 157.76 ºC and 163 ºC, respectively. Both micro and nano-

HA particles are aligned with the PLA chains, wherein the conversion of 

polymer solid state necessitates more energy and leads to an increase in the Tm 

value.    

 

 
 

Figure 2: Graph of DSC analysis 

 

Table 2: DSC analysis data 

 

 

Figure 3a shows SEM images for PLA pellet, revealing a spherical form 

with a slightly textured surface. The m-HA powder, illustrated in Figure 3b, 

displays clumps of aggregated flakes, while the n-HA powder, shown in Figure 

3c, exhibits an almost spherical or semicircular contour. The n-HA powder is 

accompanied by less stable clumps featuring small aggregates, enveloped by 

the smaller m-HA particles. In contrast, the m-HA's morphology presents a 

smoother and more regular appearance compared to the n-HA. This difference 

in morphology might be attributed to the manufacturing process used to create 

n-HA through ball milling, which could lead to uneven morphology results. 

Particles smaller than 1 μm in diameter usually aggregate into clusters, unless 

a surfactant is included to diminish the Van der Waals forces between them. 

Sample Tg (ºC) Tm (ºC) Tc (ºC) 

Polylactic Acid (PLA) pellet 59.78 154.82 - 

Impact modifier (IMK) 60.65 153.46 - 

PLA/m-HA/IMK 51.08 157.76 91.52 

PLA/n-HA/IMK 53.68 163.00 93.11 
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Despite thorough milling, agglomeration can persist and may become more 

prevalent [16]. 

 

   
  (a)        (b) 

 

 
(c) 

 

Figure 3: SEM images of raw materials; (a) PLA pellet (x300 magnification), 

(b) m-HA powder (x10000 magnification), and (c) n-HA powder (x3000 

magnification) 

 

The SEM images in Figure 4 reveal that both PLA/m-HA/IMK and 

PLA/n-HA/IMK composites illustrate that both types of HA particles were 

visible in a dispersed form. In the PLA/n-HA/IMK composite, the n-HA 

particles are distributed throughout the PLA matrix, showing irregular 

clustering regarding n-HA particle size, with some instances of agglomeration 

present. Conversely, the m-HA particles in the PLA matrix display more 

oversized agglomerates, leading to the PLA/m-HA/IMK composite having a 

rougher surface and slightly structured fracturing pattern. 
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  (a)          (b) 

 

Figure 4: SEM images of composites (a) PLA/m-HA/IMK (x500 

magnification), and (b) PLA/n-HA/IMK (x500 magnification) 

 

The density of PLA measured during the experiment was 1.2819 g/cm3. 

Theoretically, PLA’s density is 1.3 g/cm3 [23]. The m-HA powder had a 

density of 3.356 g/cm3, while the nano-HA density was 2.9689 g/cm3. The 

theoretical density of HA powder is 3.16 g/cm3, where it is unaffected by 

particle size [24]. The variation in both micro and nano-HA density could be 

due to the physical characteristics of the HA powder, particularly its tendency 

to clump together. This clumping, known as agglomeration, is a natural result 

of cohesive forces or Van der Waals forces acting between fine particles. Fine 

particles are more prone to clumping due to the stronger influence of surface 

forces like physical-chemical attraction and repulsion, as opposed to 

gravitational forces, which have less impact on smaller particles. The 

difference between the experimental and theoretical density values, as shown 

in Table 3, is less than 10 %.  

 

Table 3: Density data for all samples 

 
Material Experimental (g/cm3) Theoretical (g/cm3) Error (%) 

PLA 1.2819 1.300 1.39 

Micro-HA 3.3560 3.160 6.20 

Nano-HA 2.9689 3.160 6.05 

IMK 0.6527 0.700 6.76 

PLA/m-HA/IMK 1.3617 1.657 17.82 

PLA/n-HA/IMK 1.3999 1.657 15.52 

 

The measured density of PLA/m-HA/IMK composite was 1.3617 

g/cm³; while for PLA/n-HA/IMK composite was 1.3999 g/cm³. The inclusion 

of both sizes of HA and IMK particles in the PLA matrix led to a higher density 

than pure PLA. These results align with the findings of Solechan et al. [25], 

where a 20% HA addition to a PLA/PCL matrix resulted in a density of 1.36 

Agglomerated 

HA 

Agglomerated 

HA 
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g/cm³. The addition of n-HA resulted in a higher density compared to the 

addition of m-HA. This is likely due to the strong bonding of n-HA particles 

within the PLA matrix, involving chemical changes during fabrication. The n-

HA becomes absorbed into the PLA matrix, filling voids and increasing the 

density. This increase in density contributes to a reduction in voids within the 

composite, thereby enhancing its mechanical strength [3], [26]-[27]. 

Furthermore, the theoretical density of both composites was determined using 

the rule of mixture, resulting in a calculated value of 1.657 g/cm³, which was 

higher than the experimental density. This occurs because the composite's 

theoretical density calculation assumes the filler's complete filling of the 

matrix space. Nevertheless, achieving a composite without pores and voids 

poses a practical challenge. The formation of pores in the composite weakens 

the bond between the filler and the matrix, leading to a decrease in composite 

density. Additionally, the agglomeration of HA particles in the PLA matrix 

contributes to a reduction in composite density, as evident in SEM images. The 

percentage error in density for both composites remain below 18% as shown 

in Table 3. 

 

Rheological analysis 
The rheological behaviour of both PLA/m-HA/IMK and PLA/n-HA/IMK 

composites was analysed by plotting the shear viscosity against the shear rate 

at three different temperatures: 130 °C, 140 °C, and 150 °C, as shown in Figure 

5. The graph for both composites exhibited a decrease in shear viscosity as the 

shear rate increased. This characteristic indicates shear thinning, also known 

as pseudoplastic behaviour. This phenomenon occurs due to the alignment of 

polymer chains induced at higher shear rates, which reduces the material's 

resistance to flow [28]. Pseudoplastic behaviour is desirable in 3D printing as 

it facilitates the extrusion of the material. The material's flowability becomes 

easier when viscosity is low enough at high shear rates within the nozzle. 

Consequently, the extruded pressure decreases. Additionally, this behaviour 

ensures that the printed samples maintain good shape stability without defects 

during the deposition process. This behaviour is marked by a drop-in shear rate 

exponentially, accompanied by a sudden increase in viscosity at the nozzle exit 

[29].  

The viscosity of the PLA/n-HA/IMK composite is observed to be higher 

than PLA/m-HA/IMK composite across all three temperatures, as depicted in 

the graph below. This higher viscosity is attributed to the smaller particle size 

of n-HA, which provides a larger surface area and intensifies interparticle 

friction within the polymer matrix [30]. Additionally, the bimodal distribution 

of particle sizes in Figure 1 reveals variations in both fine and larger particle 

sizes of n-HA. This bimodal distribution results in a higher composite density 

in the PLA/n-HA/IMK composite, leading to superior viscosity compared to 

the PLA/m-HA/IMK composite [31]. Conversely, the PLA/m-HA/IMK 

composite exhibits larger agglomerations of m-HA, as evident in Figure 4, 
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along with a lower composite density. This configuration reduces interparticle 

friction, resulting in lower viscosity. Overall, the observed differences in 

particle sizes and agglomeration patterns contribute to the divergent viscosities 

between the two composites. 

 

 
 

Figure 5: Graph of shear viscosity vs. shear rate of PLA/m-HA/IMK and 

PLA/n-HA/IMK at various temperatures  

 

The flow behaviour index, n is applied to differentiate and quantify the 

extent of the pseudoplastic behaviour exhibited in Figures 6 and 7. This occurs 

when the value of n is less than 1, as described by the Power-Law equation 

(Equation (1)); where 𝜂 represents viscosity, 𝛫 stands for consistency, γ 

represents shear rate, and n signifies the exponent, which is the flow behaviour 

index. 

 

𝜂 = 𝛫𝛾𝑛−1  (1) 

 

Observing the values of n for both PLA/m-HA/IMK and PLA/n-

HA/IMK at all three temperatures in Table 4, it becomes evident that both 

composites exhibit pseudoplastic behaviour, as indicated by n values less than 

1. Particularly, at temperatures of 130 °C and 140 °C, the n values were 

significantly lower for both composites. These low n values result in high shear 

sensitivity, causing the shear rate and viscosity to change rapidly [32]. 

Notably, PLA/m-HA/IMK and PLA/n-HA/IMK composites show the highest 

n values at 150 °C, which are 0.33 and 0.333, respectively. At high 
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temperatures, the presence of hydroxyl (OH-) groups in HA accelerates the 

deterioration of the composites, resulting in a noticeable reduction in their 

viscosity [33]. The difference in the n values of both composites at 150 °C is 

not significant, indicating that the n value is not greatly affected by the 

different particle sizes in the composite. However, at a shear rate of 20 s⁻¹ and 

a temperature of 150 °C, the PLA/n-HA/IMK composite exhibits a higher 

viscosity, measuring 324.11 Pa.s compared to the PLA/m-HA/IMK composite,  

280.44 Pa.s. This is attributed to the smaller particle size of n-HA, which 

results in a larger surface area per unit volume. This characteristic increases 

interactions with the polymer matrix and generates more friction within the 

composite, resulting in higher viscosity [34]. Overall, the viscosity results for 

both composites at all temperatures met the suggested viscosity range for FDM 

3D printing, which is between 102 and 105 Pa.s [35]. Therefore, the 

temperature of 150 °C will be used for filament production with a 1.75 mm die 

based on rheological analysis, as it exhibits a more pronounced shear thinning 

behaviour at this temperature. 

 

Table 4: Flow behaviour index, n of feedstocks at different temperatures 

 

Feedstocks Temperature (ºC) 
Flow behaviour 

index, n 

Viscosity @ shear 

rate 20 s-1 

PLA/m-HA/IMK 

130 

140 

150 

0.259 

0.147 

0.33 

2085.17 

841.86 

280.44 

PLA/n-HA/IMK 

130 

140 

150 

0.052 

0.159 

0.333 

6346.54 

1631.1 

324.11 

 
PLA/HA/IMK filament 
The morphology of both composite filaments was examined using SEM, as 

depicted in Figure 6. It is evident that both filaments contain numerous small 

and bright particles uniformly dispersed within the PLA matrix, representing 

HA. Additionally, both filaments display rough surfaces as a result of 

incorporating a higher content of HA particles. Furthermore, there are pores of 

various sizes (micro and macro-pores) present in both filaments, with 

prominent macro-pores observed in the PLA/m-HA/IMK filament. The 

formation of these pores may be linked to the reorientation of HA particles 

during the filament extrusion process. When HA particles encounter shear 

forces from the PLA matrix, they do not align perfectly with the flow direction, 

which results in the formation of pores [36]. The PLA/m-HA/IMK filament 

exhibits obvious longitudinal cracking, which can be attributed to the shear 

stresses applied at the nozzle tip experienced by the m-HA particles during the 

filament extrusion process and the interaction between micron-sized HA 

particles intensifies, also leading to the formation of crack on the filament 
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surface [36]-[37]. Additionally, it is evident that the PLA/m-HA/IMK filament 

shows agglomeration of m-HA particles, a result of the initial formation of m-

HA itself. This results in an uneven circular shape of the PLA/m-HA/IMK 

filament with extensive clusters of m-HA particles on the outer surface, owing 

to the lower flowability of irregularly shaped particles. 

 

   
  (a)          (b) 

 

Figure 6: SEM images of filaments; (a) PLA/m-HA/IMK (x100 

magnification), and (b) PLA/n-HA/IMK (x100 magnification) 

 

The tensile tests were conducted on both composite filaments, and the 

results are illustrated in Figure 7, with corresponding data presented in Table 

5. It is evident that both composite filaments display similar stress-strain curve 

behaviours, characterized by steep and linear initial sections followed by a 

sudden end. The curves commence with a linear elastic phase upon the 

application of stress, indicating proportional deformation to the applied load 

and a return to their original shape upon load removal. The slope of the linear 

elastic region represents a modulus of resilience, commonly known as Young's 

modulus (E). The E for the PLA/m-HA/IMK composite filament is recorded 

as 8.16 MPa, notably lower than the 37.9 MPa observed for the PLA/n-

HA/IMK composite filament. As the applied load surpasses a certain 

threshold, both filament materials reach an abrupt endpoint without significant 

plastic deformation. This signifies an early fracture point in the stress-strain 

curve, known as the Ultimate Tensile Stress (UTS). The PLA/n-HA/IMK 

composite filament exhibits a higher UTS at 0.563 MPa compared to the 

PLA/m-HA/IMK filament at 0.455 MPa. This observation indicates that both 

composite filaments exhibit brittle material characteristics, demonstrating low 

strain fracture behaviour, minimal energy absorption, and limited plastic 

deformation, as evident in both curves. This behaviour is attributed to the 

constrained dislocations within the crystal structure of the composite materials. 
The increase in both UTS and E for the PLA/n-HA/IMK composite 

filament can be attributed to the reinforcing effect of n-HA and its smaller 

particle size, which results in a larger surface area and better integration within 
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the interstitial spaces of the PLA matrix, unlike the impact of m-HA. The lower 

UTS and E values for PLA/m-HA/IMK can be explained by the presence of m-

HA, which acts as a local strain concentrator within the PLA matrix, along 

with the cluster aggregation of m-HA [13]. Besides, the prominent macropores 

and noticeable longitudinal cracking in the filament, as observed and 

mentioned in the SEM images above, make it prone to fracture and 

consequently result in reduced mechanical strength. Therefore, it is evident 

that the mechanical properties of composite filament materials depend on the 

characteristics of the filler, the homogeneity of dispersion morphology and 

interfacial properties between the filler and polymer matrix.  

 

 
 

Figure 7: Graph of stress against strain of both composite filaments 

 

The IMK appears to be more effective in enhancing the filament's 

elasticity when combined with n-HA. This may be attributed to n-HA smaller 

particle size, larger surface area, and the nearly spherical shape of 

morphological particles, which facilitate better interaction with the PLA 

matrix. Furthermore, to further enhance the elasticity value of composite 

filaments, the IMK content can be increased beyond 1 wt.% for future studies. 

Nevertheless, the mechanical strength exhibited by both composite 

filaments is not comparable and significantly lower than the mechanical 

properties of the commercially available PLA filaments. According to Letcher 

et al. [38], the ultimate strain of PLA filament at a displacement rate of 5 

mm/min was 16.0%, which is higher than the PLA/m-HA/IMK and PLA/n-

HA/IMK composite filaments, recorded at 0.178% and 0.369%, respectively. 

This difference can be attributed to the properties of the raw PLA pellets used 

in this study. The purchased PLA pellets have a low molecular weight of 30 

kg/mol. PLA with a molecular weight below 40 kg/mol exhibits brittle 

behavior, low melt viscosity, and a good ability for movement [39]-[40]. 
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Furthermore, commercial PLA filaments are often blended with undisclosed 

additives including copolymer addition, carbon fiber, wood fiber and more. In 

addition, PLA is sourced from various fermented plant starches such as corn 

starch, sugarcane, cassava, and more. Different sources of PLA can result in 

varied PLA properties. Therefore, the disparity between commercial PLA and 

composite filaments can be attributed to the diverse factors influencing their 

properties. 

 

Table 5: Data of tensile test of both composite filaments 

 

Properties PLA/m-HA/IMK PLA/n-HA/IMK 

Ultimate tensile stress (MPa) 0.455 ± 0.41  0.563 ± 0.09 

Ultimate strain (%) 0.178 ± 0.07 0.369 ± 0.26 

Young’s modulus (MPa) 8.16 ± 10.25 37.9 ± 13.31 

 

 

Conclusion 
 

In conclusion, wet milling with ethanol as a grinding aid solution successfully 

reduced m-HA to n-HA, with a final nano-sized particle of 356.9 nm utilizing 

the ball milling approach. Both composite filaments were fabricated using the 

optimal temperature of 150 °C, as determined from rheological analysis, where 

both composites exhibited pseudoplastic behaviour with viscosity ranging 

between 102 to 105 Pa.s. Tensile tests revealed that the strength of the PLA/n-

HA/IMK filament was 24% higher than that of the PLA/m-HA/IMK filament. 

Therefore, n-HA particles demonstrate superior behaviour and have the 

potential to serve as excellent constituents in polymer-ceramic composites, 

offering a viable alternative for bone replacement through the Fused 

Deposition Modeling (FDM) approach. 
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