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Most of medical parts today are still made by conventional method such as machining 
and injection moulding which is not economical because it involves in fabricating a 
mould. With Additive manufacturing (AM) technique all these problems can be 
overcome as there no needs of mould fabrication and more towards customize medical 
parts as long as the feeding material are suitable. In this study, thermal properties of 
polymer nanocomposites filament wire for Fused Deposition Modelling (FDM) was 
investigated. The Polycaprolactone (PCL) filled with montmorillonite (MMT) and 
Hydroxyapatite (HA) composites were prepared by melting and compounding using a 
single screw extruder. The montmorillonite was ranging from 2 to 4 wt% meanwhile 
hydroxyapatite was fixed at 10 wt%. The thermal properties were studied via 
differential scanning calorimetry (DSC) and thermogravimetric analyser (TGA). As for 
the result of Differential scanning calorimeter (DSC) it shows that the addition of MMT 
shows a minor increment in the melting temperature (Tm), heat of fusion (∆Hf) and 
degree of crystallinity (χc) of PCL/MMT composites compare to pure PCL polymer. On 
the other hand, the incorporation of HA shows no difference or changes in Tm of 
PCL/MMT/HA composites. As for the Thermogravimetric analysis in general, the initial 
decomposition temperature, T10% increased with the increasing of MMT content where 
the highest temperature recorded for P9M4 is 321.7°C. The same pattern of result is 
found for the peak decomposition temperature, Tp as the temperature also increased 
as the amount of MMT is increased. The remaining char residue weight, WT increased 
as the amount of filler content in the PCL is increased. It can be conclude that the 
aaddition of MMT and HA enhanced the thermal stability and the decomposition 
temperature of the PCL/MMT/HA. 

Keywords:  
PCL; MMT; HA; Thermal; Additive 
Manufacturing; FDM Copyright © 2019 PENERBIT AKADEMIA BARU - All rights reserved 

 
 
 
 

                                                           
 Corresponding author. 
E-mail address: reazul@uthm.edu.my (Reazul Haq Abdul Haq) 

Open 

Access 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 62, Issue 1 (2019) 112-121 

113 
 

1. Introduction 
 

Fused deposition modelling (FDM) has become a widely used additive manufacturing technology 
for various applications in engineering. The uniqueness of FDM technique is more economical for 
small to medium size parts in the shortest lead time. FDM has progressed one step further from 
fabricating a prototype to a fully functional product. One of the key industries that shows a huge 
impact in emerging of this technology are medical industries [1-2]. The strongest reason is because 
of the ease in which 3D medical imaging data can be converted into solid objects. In this way the 
objects or product can be customized to suit the needs of an individual patient. This eventually led 
to a reduction in cost of production of an implant and other medical instruments which significantly 
reduce the cost that have to be charged over most of the patients. 

There are a lot of different types of biocompatible polymers nowadays that have been 
investigated by most of the researcher associate with FDM and one of the most famous biopolymer 
is Polycaprolactone (PCL) [2]. As the material development effort progresses by time, composites 
approaches come into action to continue to improve the properties whilst maintaining material 
characteristics required for producing products [3]. The key 3 development for direct manufacturing 
of parts from FDM has been the incorporation of additives to polymer matrix material to enhance 
the mechanical properties of the resulting parts. PNCs have emerged as materials which can show 
significantly enhanced mechanical properties over those of the base polymer through the addition 
of relatively small amounts of nano-scale additives. Improvements in strength and modulus of 40-
70% have been reported to have arisen as a result of the addition of 2-5wt% of nano clay [4]. 

A part from that, material currently available and being investigated by researchers for FDM is 
only biocompatible, which can only adapt in the human body without regenerating the tissues. Much 
attention has been paid towards the development of polymer composites with hydroxyaptite (HA) 
as bioactive material in bone tissue engineering [4, 5]. Applying of HA filler particles to form 
composites has been shown to enhance bone-bonding rates. The emerging interest of using HA is 
due to its chemical and structural similarity with natural bone mineral. Due to its bioactive traits, HA 
has the ability to integrate into bone structures and support bone growth. The addition of Ca-P 
ceramic to the polymer makes a composite bone analogue and improves the bone bonding behaviour 
of unfilled polymers [6]. 

Thus it is important to study the behaviour of PCL polymer blends with nano-filler and HA 
especially its thermal properties as the process of FDM involves extrusions of composite. This process 
melts the composite into semi molten solid as it flows through a fine nozzle in order to fabricate 
products. 

 
2. Methodology  
2.1 Materials 

 
The biodegradable used in this studies was polycaprolactone, medical grade of BGH600C in a 

pellets form supplied by Shenzen BrightChina Industrial Co, China.Type of MMT used in this research 
is Nanomer I.34TCN (modified montmorillonite) nanoclay in a powder form supplied by Nanocor Inc, 
America. It is specifically designed for extrusion compounding (Table 1). The mineral and resin form 
a near-molecular blend with enhanced mechanical properties, especially in the area of heat 
distortion. Hydroxyapatite (HA Fluka, 3.16 kg/cm3) was purchased from Sigma Aldrich. The specific 
surface area of the powder, measured by N, absorption (according to the Brunnauer-Emmet-Teller) 
method was found to be 33.05 m2/g, and the particle size is 57.5 nm. 
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Table 1 
Blend formulation of PCL with MMT and HA 
Designation PCL (wt%) HA(wt%) MMT (wt%)  

P100 100 0 0 
P9M2 97 0 2 
P9M3 97 0 3 
P9M4 94 0 4 
P8M2HA10 92 10 2 
P8M3HA10 90 10 3 
P8M4HA10 88 10 4 

 

2.2 Sample Preparation 
 

The PCL which is in resin form are mixed manually with MMT powder and also HA powder. These 
uniformly dry-mixed batches are melt-blended in a single screw extruder nanomixer (L/D = 26) with 
a screw speed of 40rpm as in Figure 1. The temperature profile of the extruder is set at 100, 110, 120 
and 120oC at the fed zone, metering zone and die, respectively. The extruded blends are cooled in a 
water bath and subsequently, fed to a pelletizer. 

 

 
Fig. 1. Single screw extruder with special design nano-mixer 

 

2.3 Differential Scanning Calorimeter (DSC) 
 
The melting and crystallization behavior testing of the individual components of the 

nanocomposites are carried out using a Perkin-Elmer DSC 7 instrument. DSC measurements is to 
determine the melting temperature (Tm), heat of fusion (∆Ho

f) and the degree of crystallinity (χ) in 
each sample from the cooling and second heating thermograms. Samples of about 5mg are analyzed 
at heating and cooling rates of 10oC/min under a nitrogen flow of 30mL/min in the temperature range 
between 0oC and 100oC. The samples are first heat up to 100oC (first scan), held at this temperature 
for 1min, cooled down to 0oC, and then re-heated (second scan). The enthalpy of 100% crystalline 
PCL (∆Ho

f) is estimated to be 139 J/g [7]. The degrees of crystallinity are calculated by the following 
Eq. (1). ∆Hf is the enthalpy of the samples. 

 

𝜒 = [
Δ𝐻𝑓

Δ𝐻𝑓
° ] 𝑥 100%              (1) 

 
Thermogravimetric analysis is one of the techniques most frequently used to study the primary 

decomposition reactions involving solids, and has been widely used to study the thermal 
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decomposition of polymers. Generally, thermal stability of each component of the composite is 
different. In the present work the study of the thermal degradation of PCL and the influence of the 
addition of fillers has been carried out by comparison of thermal behavior of the pure polymer. First, 
thermal behavior of individual components of the nanocomposite are measured followed with the 
PCL composite. The actual MMT and HA content (wt%) in the composite are measured by TGA, which 
give a weight change during heating. The analysis was conducted from ambient temperature to 600°C 
at a nitrogen flow rate of 20 cm3/min and a uniform heating rate of 10°C/min by using Perkin Elmer-
TGA 7. In order to determine the thermal stability of the component, the following temperatures are 
determined. 

From the TG curves as represent in Figure 2, the following data are measured 

 T10% temperature of initial decomposition, (OC) 

 TP~ temperature corresponding to x% mass loss, (OC) 
WT mass loss at a given temperature T, in wt%; 

 

 
Fig. 2. Data from the thermogravimetric result 

 

3. Results and Discussion 
3.1 Differential Scanning Calorimetry (DSC) Analysis of PCL/MMT and PCL/MMT/HA Composites 
 

The thermal properties of PCL/MMT and PCL/MMT/HA composites are shown in Table 2. The 
discussion is focused on the effect of the MMT and HA fillers on melting temperature (Tm), Heat 
Fusion (∆Hf) and degree of crystallinity (χ). The endotherms obtained indicate that the thermal history 
may influence the degree of crystallinity of the blends, as indicated by changes in the heat of fusion 
and melting temperature. 

The results show that the addition of MMT shows a minor increment in the Tm, ∆Hf and χc of 
PCL/MMT composites compare to pure PCL polymer. The melting point of P9M4 shows the highest 
among all as it is increased to 62.8 °C which is almost 4°C from pure PCL. But overall there is no 
obvious trend or pattern found in the result which indicates that MMT shows a little significant effect. 
The same pattern of result is also shown by Moussaif et al., [7] who reported that the incorporation 
of mesoporous silicate (MCM) does not significantly affect the crystallization and the melting 
behavior of the PCL. There are more studies that reported the same pattern of result on the melting 
point PCL using various clays [8-10]. 
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Table 2 
The melting temperature, heat fusion and degree of crystallinity for 
PCL/MMT and PCL/MMT/HA 
Designation Melting Point 

Temperature, Tm (°C) 
Heat Fusion, ∆Hf 
(J/g) 

Crystallinality, χ 
(%) 

P100 58.7 69.9 50.1 
P9M2 62.7 73.3 53.6 
P9M3 61.9 70.6 52.2 
P9M4 62.8 75.5 56.4 
P8M2H10 62.5 65.2 53.1 
P8M3H10 62.5 68.4 56.4 
P8M4H10 62.5 71.1 59.2 

 

The same trend of result is found in the degree of crystallinity, χ as it increases in all loading of 
MMT and P9M4 again shows the highest value. The previous work of Way et al., [11] indicated that 
an increase in crystallinity or increase in sprerulite size increases the modulus. Significant increase in 
crystallinity is most likely due to higher nucleation density that induces the clay nanoparticles [12]. 

Inclusion of MMT with a better dispersion in PCL matrix may provide more nucleation sites to 
incorporate surrounding the polymers and facilitates the crystallization process. According to Fornes 
& Paul, [13], the organoclay layers may act as nucleation sites, which subsequently results in higher 
χc for composites. The results are consistent the introduction of minute particles into the polymer 
melt would enhance the nucleation of crystallites in the polymer upon cooling and hence improved 
the crystallinity of the polymer after cooling [23]. The presence of MMT layers, facilitates the 
rearrangement of polymer chains during crystallization, hence increased the crystallinity. A similar 
observation was also reported by Min et al., [14] who studied on the crystallinity and mechanical 
properties of HDPE/MMT nanocomposite. 

On the other hand, the incorporation of HA shows no difference or changes in Tm of PCL/MMT/HA 
composites. The melting temperatures are almost the same for all composition. A reverse of trend 
found in the percentages of crystallinity as it increases. P9M4H10 give the highest value as it marked 
at 59.28%, which is almost 10% from pure PCL (Figure 3). 

 

 
Fig. 3. The heating curve of PCL/MMT and PCL/MMT/HA composites 
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The Tm is known dependence on the lamellar thickness and χ. Thus, the lower Tm is believed to be 
attributed to thinner lamellar formation as a consequence of faster cooling process. This is in 
agreement with findings claimed by Lim et al., [15]. The trend of Tm is consistent with data obtained 
for χ of the composites. The influence of HA on the crystallization kinetics of the matrix is believed to 
contribute to the results obtained. At this composition, HA acts as an effective nucleating agent of 
polymer matrix which in turn affects the semicrystalline structure by creating dissimilarities in the 
semicrystalline structure. 

However, further introducing of HA filler compensate the polymer matrix therefore decrease the 
χ of the composites, indicating that the incorporation of the high amount of HA hinders the polymer 
macromolecules to rearrange regularly to form crystals. It is because increasing of HA particles in the 
matrix contributes to the higher melt viscosity and therefore retards the crystal formation. This factor 
is believed to influence the trend observed and the similar reason was also claimed by Zhang et al., 
[16]. The trend of the results obtained is expected as generally, the ∆Hf is proportional to the results 
of χ. In addition, the ∆Hf results follow the theory, where the higher the crystallization process, the 
lower will be the ∆Hf. 
 
3.2 Thermogravimetric (TG) Analysis of PCL/MMT and PCL/MMT/HA Composites 
 

Thermogravimetric (TG) analysis was carried out to evaluate the effect of blends composition on 
the thermal stability of the polymers. The weight loss due to the formation of volatile products after 
degradation at high temperature is monitored as a function of temperature (and/or time). When 
heating occurs under an inert gas flow, a non-oxidative degradation occurs, while the use of air or 
oxygen allows oxidative degradation of the samples. 

The TG curves of PCL/MMT and PCL/MMT/HA composites are shown in Figure 4(a) and (b) the 
summary of the thermal degradations results is shown in Table 3. The initial thermal stability is 
characterized by temperatures at 10% weight loss, which is T10%. 

Generally, the incorporation of clay into the polymer matrix was found to enhance thermal 
stability by acting as a superior insulator and mass transport barriers to the volatile products 
generated during decomposition, as well as by assisting in the formation of char after thermal 
decomposition. Vyazovkin et al., [17] who studied PS nanocomposite observed that the virgin 
polymer degrades without forming any residue, whereas the nanocomposite leaves some residue. 

In general, the T10% increased with the increasing of MMT content. By increasing the MMT content 
from 2% to 4 %, the T10% shifts to higher values for about 20 °C. The initial decomposition temperature 
for P9M2 is increased from 310.6°C to 315.6°C. As the amount of MMT content is increased to 3%, 
the initial decomposition temperature also increased to 319.9°C. The value of T10% continues to 
increase as the amount of MMT is increased to 4% where the temperature recorded for P9M4 is 
321.7°C. The presence of MMT in PCL induced better thermal stability and therefore the degradation 
starting temperature clearly shifted to higher temperature. 

The same pattern of result is found for the Tp as the temperature also increased as the amount 
of MMT is increased. The peak decomposition temperature of P9M2 increased from 389.7°C to 
391.1°C. The temperature continues to increase as the peak decomposition temperature for P9M3 is 
396.7°C. But there is slight decreased on the Tp for P9M4 as the temperature drops to 394.5°C but it 
is still higher than the neat PCL.  

This finding agrees with some other researcher such as Pramoda et al., [18] observed that the 
degradation onset temperature is 12 °C higher for PA6 with 2.5% clay loading than that of virgin PA6 
and that the onset temperature for the higher clay loading remained unchanged. Dutta et al., [19] 
has studied the effect of clay concentration on the thermal stability of EVA-based nanocomposites 
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and found that the thermal stability of EVA-12 (12wt. % VA) increases with the introduction of o-
MMT. With an increase in the o-MMT loading over 2wt. %, however, the hybrids show a decreasing 
trend in their initial thermal decomposition temperature. 
 

 
Fig. 4. Thermograms (a) and derivatives thermogram (b) of PCL/MMT and PCL/MMT/HA 
composites 
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Table 3 
The degradation temperature obtained from the TG and DTG curves for PCL/MMT and  
PCL/MMT/HA 
Designation Initial Decomposition 

Temperature, T₁₀% (°C) 
Peak of Decomposition 
Temperature, TP (°C) 

Weight of 
Residue (wt%) 

P100 310.6 389.7 1.5 
P9M2 315.6 391.1 1.9 
P9M3 319.9 396.7 1.5 
P9M4 321.7 394.5 4.9 
P8M2H10 329.6 396.1 10.4 
lP8M3H10 330.1 395.7 10.4 
P8M4H10 331.8 384.6 11.8 

 

It is also suggested that when a low clay fraction is added to the polymer, the clay disperses well 
and the barrier effect is predominant, but with increasing loading, the catalyzing effect rapidly 
increases and becomes dominant, so that the thermal stability of the nanocomposite decreases. This 
explains why the Tp of P9M4 decreased as the content of MMT is higher. 

The weight loss profiles of PCL/MMT composites can be seen in Figure 4(a). The remaining char 
residue weight increased as the amount of filler content in the PCL is increased. These findings were 
attributed to the fact that, at low filler contents homogenous exfoliation and random dispersion of 
clay is achieved on a nanometer level, whereas the higher filler loading destabilizes the matrix, 
because of the aggregation of silicate layers. This agrees with Chen et al., [20] in his worked 
PCL/multi-walled carbon nanotube as they found that the residual weight of 1 wt% PCL/MWNT 
nanocomposites is higher than that of PCL. 

This was attributed to the fact that the exfoliated structure formed at low clay content is probably 
not enough to trigger the thermal and gas barrier properties effectively in the matrix, because of the 
short tortuous path formed. This result is consistent with reports claiming that optimum thermal 
stability is usually achieved for clay loadings between 2.5 and 5wt. %. For lower clay fractions, 
exfoliated morphology dominates, but this low clay content does not enable the barrier effect. At 
much higher clay content, on the other hand, particle agglomeration occurs. Therefore, intercalated 
and exfoliated structures usually coexist, which again does not allow maximization of the tortuous 
path. 

Meanwhile by incorporating HA into the composites does actually shows an increased in the 
initial decomposition temperature T10% but decreased the peak decomposition temperature Tp. From 
the Table 3 it can be seen that the T10% for P8M2H10 is 329.6°C and it rose to 330.1°C for P8M3H10 
and continues to rise until 331.8°C for P8M4H10. It shows that the thermal stability of PCL/MMT/HA 
is higher than the PCL/MMT. This is probably attributed from the higher thermal stability of HA which 
consist of two elements in HA, which is calcium (Ca) and phosphorus (P) which have a higher 
decomposition temperature.  

The reverse pattern of result is found for the Tp for PCL/MMT/HA as the peak decomposition 
temperature decreased. The peak degradation temperature of P8M2H10 drops to 396.1°C. The 
temperature continues to decrease as the peak degradation temperature for P8M3H10 recorded is 
395.7°C and continues to drop as the temperature for P8M4H10 is 384.6°C which is the lowest among 
all except from the neat PCL.  

This may due to the agglomeration of HA particles is which is expected to reduce the degradation 
temperature of the composites. The agglomeration reduces the surface area available for kinetic 
effects and fastens the degradation reactions, thus decreasing the Tp. In a reverse case, it was proven 
that as the less agglomerates and better dispersion of HA particles are observed in the morphology 
of the composites the more thermally stable composites produced. These findings are similar to the 
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findings reported by Albano et al.,[21] who discussed in detail on the thermo degradation of 
HDPE/HA composites reported that the morphology of the composite strongly influenced the 
mechanism of the degradation process. They found that composites with the presence of 
agglomerates, results in less stable composites as compared to composites with more homogenous 
distribution of HA. They also claimed that the decomposition process is through the nucleation and 
nucleus growth kinetic models.  

Other than that, according to Bryk [22] incorporation of filler causes a reduction in polymer chain 
mobility in the adsorption and boundary layers. This led to a decreased in the tension induced to the 
C−C chain by thermal excitation and majority of bond breakings are through this mode, thus less 
degradation occurs, and improved the thermal stability of the composites. Chen et al., [20] agreed 
that HA delayed the thermal degradation of composites due to barrier effect. They claimed that the 
barrier effect on the decomposition is attributed to obstruction of the well-dispersed nano-HA in poly 
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) to the permeability of the volatile degradation 
products out of the materials. The weight loss profiles of PCL/MMT/HA do shows that the remaining 
char residue weight increased as the amount of filler content in the PCL is increased. 

 
4. Conclusions 
 

From this research, it can be concluded that by incorporation of Montmorillonite (MMT) and 
Hydroxyapatite (HA), the thermal properties of Polycaprolactone (PCL) are successfully enhanced. 
The Differential scanning calorimeter (DSC) result shows that the addition of MMT shows a minor 
increment in the melting temperature (Tm), heat of fusion (∆Hf) and degree of crystallinity (χc) of 
PCL/MMT composites compare to pure PCL polymer. However, the incorporation of HA shows no 
difference or changes in melting temperature of PCL/MMT/HA composites but there were increment 
in heat of fusion for PCL/MMT/HA composites. As for the Thermogravimetric analysis, in general, the 
initial decomposition temperature, T10% increased with the increasing of MMT content where the 
highest temperature recorded for P9M4 is 321.7°C. The same pattern of result is found for the peak 
decomposition temperature, Tp as the temperature also increased as the amount of MMT is 
increased. The remaining char residue weight WT increased as the amount of filler content in the PCL 
is increased. Inclusion of HA results in significant enhancement on the degradation temperature of 
the composites due to the higher thermal stability of HA. Overall this study shows promising result 
that’s helps in fabricating feeding material for FDM to produce implants or other medical 
applications. 
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