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Abstract

High Silicon Strengthened Ductile Iron (HSiSDI) with 4.2 wt.% of silicon was produced in Y-blocks with different thicknesses to 
investigate the effects of the solidification rate on microstructure integrity and tensile mechanical properties. With decreasing 
solidification rates, the graphite degeneracy with the appearance of chunky graphite became more significant at the highest silicon 
contents, so chemical ordering and graphite degeneracy seemed to be qualitative explanations of tensile property degradation. 
However, a deeper analysis of the relationship between solidification rate, microstructure and tensile properties was realized 
through an innovative approach based on the Matrix Assessment Diagram (MAD), where the parameters of Voce equation result-
ing from best-fitting the experimental tensile flow curves of a significant number of HSiSDI samples, were plotted. For 3.5 wt.% 
silicon content, the MAD analysis indicated that the microstructure was sound for any solidification rate, while for 4.5 wt.%  the 
microstructure was sound only for the fastest solidification rates. For 4.2 wt.% silicon content the MAD analysis pointed out that 
the tensile plastic behaviour and the microstructure integrity was in between the 3.5 and 4.5 wt.% silicon contents, representing 
a composition threshold where the reliable microstructures were only found with the fastest solidification rates, while consider-
able variability was found for the slowest ones. Support to the MAD analysis results was given from microstructure observations.

Keywords: 

strain hardening; constitutive equations; integrity assessment; ductile irons; high silicon content

1.  INTRODUCTION

High Silicon Strengthened Ductile Irons (HSiSDIs) with alloy-
ing Si contents in the range 3.2−4.3 wt.% have recently been 
considered in the European Standard EN 1563:2018. They are 
fully ferritic because of the Si solid solution causing an increase 
of yield and tensile strengths with a moderate reduction of 
ductility [1–4], and a better machinability than ferritic and fer-
ritic-pearlitic ductile irons with similar strengths [1, 2, 5–8].  
However, besides the good balance of tensile properties, 
HSiSDIs impact resistance decreases significantly with in-
creasing silicon alloying [9–12]. Indeed, tensile strength is 
maximum at 4.2−4.3 wt.% of Si content [4, 13, 14], and above 
this critical content both yield and tensile strength decrease 
rapidly, while ductility decreases rapidly above 3.5 wt.%,  
achieving zero ductility at about 5.0 wt.%, which has been 
attributed to progressive chemical ordering of the ferrit-
ic matrix with increasing silicon content. However, chunky 
graphite might also have a detrimental contribution to ductily 

as recently reported in [15]. Indeed, Si also promotes graph-
ite degeneracy, resulting in a decrease in nodularity, and also 
the chunky graphite formation [4, 16–18]. Chunky graphite  
is commonly found in conventional ductile irons produced in 
heavy sections with slow solidification rates [18–22], where it 
has been reported a significant decrease of ductility and ulti-
mate tensile strength [20, 21], although the most detrimental 
effect of chunky graphite is on the fatigue resistance [23, 24].  
Futhermore other microstructure parameters like nodule 
count, size and roundness of the graphite nodules can affect 
the mechanical properties [3, 25–29].

Low structural integrity, i.e. metallurgical discontinuities 
and defects such as degenerated graphite, shrinkages, inclu-
sions, etc., may have adverse effects on the final mechanical 
properties of ductile irons.

According to the literature [30–34] tensile tests are the sim-
plest and useful experimental examinations for assessing the 
integrity of ductile irons. A new experimental method, name-
ly the Voce approach, based on the mathematical modelling 
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of the tensile flow curves by means of the dislocation-den-
sity-related Voce constitutive equation, seems to allow the 
classification of the process-microstructure relations and the 
integrity assessment of different ductile irons grades [35–37].  
The Voce equation is defined as:

( ) p
V V

c

 exp
ε 

σ = σ + σ − σ ⋅  
ε 

0 (1)

where:

 σ – true flow stress;
εp – true plastic strain;
σV – saturation stress achieved asymptotically with 

plastic straining; 
σ0 – back-extrapolated stress to εp = 0;
 εc – characteristic transient strain that defines the 

rate with which σV  is achieved.

    According to this approach, two diagrams are defined: the 
first one is the Matrix Assessment Diagram (MAD) graphical-
ly represented as 1/εc vs. Θo, the Voce parameters obtained 
by fitting the differential experimental flow curves with the 
differential form of Equation (1), that is:

o
p c

d d 
d d
σ σ
=Θ −

ε ε
(2)

MAD allows the univocal identification of different duc-
tile iron grades, i.e. produced through different production 
routes and having different chemical composition, such as 
Austempered Ductile irons (ADI) and Isothermal Ductile 
Irons (IDI) [35–37]. The second diagram is called Integrity 
Assessment Diagram (IAD) and is represented by plotting 
the experimental elongation at failure vs. the theoretical one 
determined according to the Voce formalism. IAD appears to 
be able to identify the potential presence of defects.

The present paper is focused on the study of the effects 
of various cooling times on the tensile mechanical proper-
ties and microstructural integrity of different High Silicon 
Strengthened Ductile Iron (HSiSDI) samples with 4.2 wt.% of 
Si and manufactured through Y-blocks with different thick-
nesses. According to Voce approach, tensile flow curves were 
modelled using the constitutive Voce equation, and Voce 
parameters are derived from the best fittings. Knowing these 
parameters, MAD and IAD are represented and microstruc-
tural results are correlated.

2. EXPERIMENTAL

HSiSDI with nominal 4.2 wt.% of Si, which chemical composi-
tion is reported in Table 1, was produced by gravity pouring 
the molten metal through the pouring basin to the pattern 
plate in order to obtain three Y-block of 25, 50 and 75 mm 
thicknesses and a Lynchburg sample with diameter Ø = 25 mm  
complying with ASTM A 536-84(2019)e1. Thus, the dif-
ferent samples were produced under the same conditions. 
Therefore, it is worth mentioning that because of the differ-
ent geometry and wall thickness of the molds, the cooling 
rate, which was not experimentally measured, changed be-
tween the four classes of samples. 

A simplified representation of the Y-molds and Lynchburg 
mold is reported in Figure 1.

The microstructural characterization was performed using 
a Hitachi SU-70 high resolution scanning electron microscope. 
Through image analysis and complying with ASTM E2567-16a,  
nodule count, nodularity, mean diameter of graphite spher-
oids, area fractions of graphite and pearlite, and the presence 
of chunky graphite were found. 

Tensile tests were carried out according to ASTM E8/E8M 
at strain rate 10−4 s−1 on round specimens with initial gauge 
diameter do = 12.5 mm and gauge length lo = 50 mm. 

Table 1	  
Chemical composition [wt.%]

C Si Mg Mn P S Fe

3.55 4.20 0.048 0.12 0.037 0.006 Bal.

Fig. 1. Simplified representations of the molds used in the casting 
procedure: a) sketch of the three Y-molds, where the thickness w is 
equal to 25, 50, 75 mm respectively; b) sketch of the Lynchburg mold 
where the diameter Ø = 25 mm

a)

b)

https://journals.agh.edu.pl/jcme
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3. RESULTS

3.1. Microstructure

Table 2 reports the mean values of the microstructural pa-
rameters resulting from the image analysis, while Figure 2a–d 
shows selected micrographs of the HSiSDIs analyzed. 

According to these data, the microstructure of the ductile irons 
produced through a Lynchburg mold of 25 mm (L25 mm) di-
ameter shows the lowest nodularity and degenerated graph- 
ite aggregates. Samples Y25 mm shows greater nodularity, al-
though graphite degeneration is also observable in this case. 
Increasing the thickness (samples Y50–Y75 mm) a reduction 
of the nodularity is observed. Furthermore, the appearance 
of chunky graphite is seen in Figure 2c, d. 

3.2. Strain hardening analysis results, 
and MAD and IAD analysis

According to the Voce approach it was possible to define the 
strain hardening parameters 1/εc and Θo necessary to define 
the Matrix Assessment Diagram (MAD) reported in Figure 3  
for Y50–Y75 mm samples. For comparison purposes, the graph 
also reports the data provided by a previous research [15]  
aimed to study the strain hardening behavior of HSiSDIs sam-
ples with various Si content, i.e. 3.5 wt.% and 4.5 wt.%, pro-
duced through Y50–Y75 mm molds [15]. 

The Voce parameters related to the three different kind of 
specimens, i.e 3.5, 4.2 and 4.5 wt.% Si content respectively, 
characterized by different chemical composition, lied in a spe-
cific region of MAD and on a specific line, namely 1/εc = mΘo + C.
According to the Voce approach, σV defines the strenght of 
the material and it is related to Voce parameters through the 
expression:

V c o σ = ε ⋅ Θ (3)

so, σV can be rewritten as σV = Θo/(mΘo + C). Consistently 
with the physical meaning of the Voce equation [38–41], the 
intercept of the best fittng line gives information on the integ-
rity of the tested material. Considering the data of samples 
with a Si content of 3.5 wt.% [15], the intercept is positive. 
Thus, σV grows with increasing Θo. The latter is correlated to 
the microstructure of the material: complying with plasticity 
theory, greater values of Θo (thus σV) are associated to finer 
microstructure and so to a stronger materials as demonstrat-
ed in a previous study [42, 43] on GJS400 with a conventional 
Si content of 2.5 wt.%.

Fig. 2. Back Scattered Electron Imaging micrographs of HSiSDIs, 
with 4.2 wt.% of Si content, produced through: a) 25 mm Lynchburg; 
b) 25 mm Y-block; c) 50 mm Y-block; d) 75 mm Y-block molds

Table 2	  
Microstructure analysis results of the investigated HSiSDI of 4.2 wt.% Si 
content produced through different molds

Mold Nodula-
rity [%]

Nodule 
Count  

[Nr/mm2]

Nodule 
size [μm]

Chunky 
graphite

L25 mm 74.4 ±1.8 149.8 ±1.9 18.6 ±0.4 No

Y25 mm 85.4 ±1.1 210.6 ±2.0 20.0 ±0.3 No

Y50 mm 82.2 ±1.3 125.6 ±2.0 26.2 ±0.5 Traces

Y75 mm 83.3 ±1.0 107.3 ±1.9 28.5 ±0.6 Traces

Fig. 3. Matrix Assessment Diagram (MAD) of Y50–Y75 mm HSiSDIs 
with Si content of 4.2 wt.%. For comparison, the data of a previous re-
search [15] on HSiSDI samples with 3.5 wt.% and 4.5 wt.% are reported

1/
ε c

Θo [MPa]

𝑦 = 1.72E-03𝑥 − 4.43E+00
𝑅2=1.00E+00

𝑦 = 1.31E-03𝑥 + 2.54E+00
𝑅2=1.00E+00

𝑦 = 1.77E-03𝑥 − 3.27E+00
𝑅2=2.62E-01

a)

b)

c)

d)

https://journals.agh.edu.pl/jcme
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However, according to Figure 3, samples with a Si content of 
4.2 wt.% up to 4.5 wt.% show corresponding best fitting line 
with a negative intercept value that decreases with increas-
ing the Si content. Remembering the aforesaid definition 
of saturation stress σV, the negative value of the intercept C  
results in a reduction of σV increasing Θo. This result is in con-
trast with Voce physical meaning and plasticity theories. It 
has been reported [44] that the presence of defects affects 
the plastic behavior of the material describing an unexpected 
regular trend, i.e. defect-driven plasticity, rather than a ran-
dom influence as expected. 

In Figure 4, data of HSiSDI samples with 4.2 wt.% Si con-
tent are reported comparing Lynchburg and Y-block molds. 
According to MAD, specimens produced through small thick-
ness (25 mm Lynchburg and Y-block molds) show a positive 
intercept of the best fitting line. On the other hand, samples 
produced with 50–75 mm Y-molds show a negative intercept, 
so suggesting that the HSiSDIs produced with faster cooling 
rates is sound, while with slower cooling rates the material is 
affected by defects according to the defects-driven-plasticty 
hypothesis. 

Figure 5 reports the Integrity Assessment Diagram (IAD), 
defined as εrupture vs. εuniform. The dashed line represents the 
dicotomy line, where εrupture = εuniform, and defines the occur-
rence of necking. The data points where εrupture < εuniform are 
related to early failures due to the presence of metallurgical 
defects or metallurgical discontinuity, while the points where 
εrupture > εuniform are related to sound materials. Specimens with 
4.2 wt.% Si produced through 25 mm Lyncburg and Y-molds 
lie above the dicotomy line, so beyond necking, and show 
a mean value of elongation to rupture of   0.16 ±0.01, where the 
error is the standard deviation. Decrasing the cooling rates 
(50–75 mm Y-blocks), in IAD it is observed a certain variabil-
ity of the data, which seems to be related to the soundness 
of the material. Furthermore, compared to 25 mm samples, 
these data show a reduction of the elongation to rupture to 
an average value of 0.11 ±0.04 that, evidently, is not due to 
the high Si content which remain unchanged between the 
specimens. Thus the key role of the possible presence of 
metallurgical defects  on the definition of the tensile plastic 
behavior of the material under analysis can be confirmed.

4. DISCUSSION

In the present investigation, HSiSDI samples with a Si content 
of 4.2 wt.% produced through different molds, so with differ-
ent cooling rates, were analyzed. According to Figure 2 and the 
data reported in Table 2, the graphite parameters were consis-
tent to the values found for Si 3.5 wt.% and 4.5 wt.% reported 
elsewhere [15]. Nodularity was good for all cooling rates, with 
a slightly lower value for the Lynchburg mold, suggesting that 
no significant graphite degeneracy was present for all solidifi-
cation times. In fact chunky graphite was found in traces only 
for the slower cooling rates (50–75 mm Y-blocks), consistently 
with literature [4, 25–27] where it has been reported that Si 
and slow solidification rates promote the formation of chunky 
graphite.

According to Figure 3, where data of the present research 
were compared with the results of a previous study [15] on 
other two HSiSDIs with different Si contents, MAD can identify 
the different grades of ductile iron since three different lines 
corresponding to three different contents of Si are found. MAD 
can give information also about the microstructure sound-
ness of the materials, which is correlated to the plastic behav-
ior according to the defect-drive-plasticity theory. Specimens 
with a Si content of 3.5 wt.% [15] show a fitting line having 
a positive intercept (C = +2.54), indicating soundness of the 
material [39–45]. Conversely, for  a Si content of 4.5 wt.% [15], 
the intercept of the best fitting line is negative (C = −4.43),  
suggesting the presence of chunky graphite as reported in [15].  
So, according the the defect-driven-plasticity hypotesis, the 
negative intercept (C = −3.27) of the Si 4.2 wt.% suggests the 
presence of some defects.

In Figure 4, a close up of 4.2 wt.% Si MAD data is reported. 
For longer solidification times, i.e. Y50-75 mm, not only the 
intercept of the linear fit is negative (C = −3.27), but the data 
show also a significant scattering and low R2, equal to 0.26.  
Furthermore, the data corresponding to the faster cooling 
rates (25 mm Lynchburg and Y-block) show a positive inter-
cept (C = +0.97) of the best fitting line, suggesting the sound-
ness of the material. It is noteworthy that the behaviour 
observed is absolutely consistent with the MAD trend of 
Si 4.5 wt.% samples reported in [15], which was related to 

Fig. 4. Matrix Assessment Diagram (MAD) of HSiSDIs with Si content 
of 4.2 wt.% produced through Lynchburg and Y-block molds

1/
ε c

Θo [MPa]

𝑦 = 1.77E-03𝑥 − 3.27E+00
𝑅2=2.62E-01

𝑦 = 1.28E-03𝑥 − 9.66E-01
𝑅2=9.14E-01

Y25 – Lyn. Ø25

Y50–Y75

Fig. 5. Integrity Assessment Diagram (IAD) of HSiDIs with 4.2 wt.% Si 
produced through Lynchburg and Y-block molds

ε ru
pt

ur
e

Y25 – Lyn. Ø25

Y50–Y75

εuniform
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significant fraction of chunky graphite found in the HSiSDIs 
produced with slow cooling rates. 

The IAD in Figure 5 shows that the microstructure of samples 
produced through 25 mm Lynchburg and 25 mm Y-block molds, 
have higher strains to failure with respect the values of 50–75 mm  
Y-blocks specimens. Furthermore, since εrupture > εuniform, it  
is newly suggested the integrity of the material, whilst for 
50–75 mm Y-blocks specimens not all data are above the 
dichotomy line of necking. This finding indicates that some 
defects are present in the HSiSDIs produced with longer 
solidification time, which is consistent with the negative value 
of the intercept C in MAD. By comparing these findings with 
the results of Si 4.5 wt.% HSiSDIs reported in [15], where sig-
nificant content of chunky graphite was found, the analogy is 
very strong,  suggesting that the defects that most define the  
Si 4.2 wt.% behaviour in MAD are the traces of chunky graph-
ite. Indeed, several data points are above the dichotomy line, 
suggesting the absence of defects and a good plastic behaviour. 
So the traces of chunky graphite give rise to a wide variability 
of MAD behaviour. So the unpredictability of the HSiSDis with 
4.2 wt.% Si produced with slower cooling rates may be a neg-
ative consequence. 

So the presence in traces of chunky graphite have some 
negative effects on the quality of Si 4.2 wt.% HSiSDIs pro-
duced with longer solidification times (Y-molds of 50–75 mm 
thickness). The quality assessment procedure based on Voce 
analysis (MAD and IAD) seems to be very sensitive and capa-
ble of identifying its adverse effects even if the microstruc-
ture parameters reported in Table 2 comply with standard 
EN 1563:2018. Indeed, chemical ordering is also believed to 
be deleterious in HSiSDIs with increasing Si [7, 8]. However, 
since there is no reason to believe that cooling rates can affect 
chemical ordering, chunky graphite appears to be the reliable 
explanation of the defect-driven-plasticity effects pointed out 
in MAD and IAD for HSiSDIs with Si content of 4.2 wt.%.

5. CONCLUSIONS

In the present work different samples of HSiSDI with a Si content 
of 4.2 wt.%, produced through different molds, thus different 
solidification rates, were studied in order to evaluate the cor-
relation between the microstructure and the tensile mechan-
ical properties through Voce analysis. Four different cooling 
rates were explored to produce the HSiSDIs. The microstruc-
tural characterization was performed using a high resolution  
SEM and the image analysis was conducted complying stan-
dard ASTM E2567-16a. The tensile mechanical behavior was 
investigated according to Voce approach, so modelling the 
tensile flow curves through Voce constitutive equation. Voce 
parameters 1/εc and Θo were determined and used to define 
the MAD. Furthermore, it was possible to define the IAD that 
allows to identify the eventual premature failures of the ten-
sile tested materials. According to the experimental results 
obtained, the following consideration can be made:

•	 MAD allows the univocal identification of the tested mate-
rial since, through the comparison with result of a previous 
study [15], three different best fitting lines corresponding 
to three different contents of Si are found;

•	 the intercept of the data best fitting line in MAD of the 25 mm 
Lynchburg and 25 mm Y-block samples with a Si content 
of 4.2 wt.% is positive, according to Voce equation physical 
meaning and plasticity theories. So, the tensile plastic behav-
ior observed comply with the fact that increasing σV and σ0  
determine an increment of Θo, which is correlated to the 
microstructure of the material;

•	 the negativity of the intercept of the data best fitting line in 
MAD of 50–75 mm Y-blocks specimens is not coherent with 
physical meaning of Voce equation and plasticity theories, 
with the result of a singular tensile mechanical behavior for 
which decreasing σV determines an increase of Θo with σ0 
constant; 

•	 the MAD data of Y50–Y75 mm samples, i.e. those produced 
through the slowest cooling rates, show a significant scat-
tering with low R2. Furthermore, these specimens show 
a reduction of the elongation to failure and, in some cases, 
premature ruptures occurred before necking;

•	 according to IAD, data of specimens produced through 25 mm  
Lynchburg and Y-block molds, lie beyond necking; thus pre-
mature ruptures did not occur;

•	 the plastic behavior shown by 25 mm Lynchburg and 25 mm  
Y-block samples is correlated to the optimal structural in-
tegrity of the microstructure;

•	 the unusual behavior of  50–75 mm Y-block samples was af-
fected by the presence of metallurgical defects, in particular 
by the presence of degenerated graphite;

•	 considering the results obtained, it can be stated that the 
quality assessment procedure based on the Voce approach 
is clearly sensitive and capable of identifying the presence 
of defects and metallurgical discontinuities; furthermore, 
this procedure has proved capable of highlighting the neg-
ative effects of such defects on the quality of the material 
and thus demonstrating its usefulness.
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Abstract

Light alloys are widely used in industry and everyday life due to their high physical and mechanical properties, wear and cor-
rosion resistance, as well as low cost. In this regard, the use of light alloys as a basis for composite materials is both justified 
and expedient. The potential of these materials has not been fully used to this day, despite the growing interest in metal matrix 
composites and extensive investigations aimed at the development of production technology and the introduction of advanced 
systems based on light matrices. The article presents a short review of the analysis of the main components of the technology of 
cast composite materials based on light alloys of aluminum and magnesium reinforced by particles. Particular attention is paid 
to the choice of the matrix alloy, the type, size and amount of reinforcing particles introduced into it, as well as the thermal-time 
and kinetic parameters of the process.

Keywords: 
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1. INTRORODUCTION

The successful functioning and further development of most 
modern industries, such as aerospace, transport, military, 
biomedicine, is impossible without the use of lightweight, 
durable and inexpensive materials in manufacturing [1–3]. 
Today, all these requirements are met by composite materials 
(CM) based on Al and Mg alloys [4–6].

Composite materials are materials containing two or more 
phases (matrix and reinforcing phase), significantly different 
in properties and having a clear interface [7]. The properties 
of the finished composite material are superior to those of 
its constituent components. Highly plastic metal matrices, 
for example, aluminium alloys, and high-strength, high-mod-
ulus fillers are artificially combined in CM. It is possible to 
obtain composites with such combination of phases with the 
required values of strength, elastic modulus, microhardness, 
crack and heat resistance as well as to create compositions 
with the required dielectric, magnetic, radio-absorbing and 
other special characteristics [8, 9].

Depending on the type of reinforcement, composites are 
divided into [9]: fibrous composites, particle reinforced com-
posites, sandwich composites, hybrid composites.

The advantages of particle reinforcement are [10] signifi-
cantly lower cost of the composite compared to the continu-
ous fiber reinforcement (cheaper production of the composite; 
cheaper reinforcement), the possibility of producing them with  

metallurgical methods (casting or powder metallurgy) as well 
as properties similar to isotropic.

Globally, the data presented in [2] shows that primary Al 
production increased by approximately 1.5 times from 2009 
to 2019. According to the Global Metal Matrix Composites 
Market Report, in the same period there has been linear 
growth in the production of metal matrix composites after 
2012, and revenue has increased from about 220 million USD 
to 400 million USD [11].

The main focus when obtaining CM should be paid to the 
selection of both the matrix alloy and its reinforcing parti-
cles. The matrix alloy must be uniform, strong, lightweight, 
and inexpensive. The particles must have a high degree of 
hardness and be evenly distributed in the matrix, as well as 
reliably fixed in it. Only in this case will a positive technical 
and economic result be achieved. 

The aim of this study is to analyze the production technol-
ogies, the influence of various characteristics of the matrix 
and reinforcing particles on the properties of cast composite 
materials (CCM) based on light (aluminium and magnesium) 
alloys.

2. ALUMINIUM AND MAGNESIUM MATRIX 
COMPOSITE MATERIALS

The most commonly used metals as a matrix for composites 
are aluminum, magnesium and titanium, with copper and 
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zinc and their alloys less frequently employed [12]. According 
to [1, 2, 7, 13] composite materials based on the light alloys 
make up the bulk of the CCM currently produced. 

Among all metal matrix composites, aluminum compos-
ites constitute a large and important group of construction 
materials. Since the matrix of the composite has many func-
tions, it is important to select the appropriate alloy to ensure 
optimal properties and compatibility with the reinforcement. 
Aluminum alloys have low density, high specific strength and 
a relatively low price, therefore they are an attractive construc-
tion material. Magnesium and its alloys are very attractive 
matrix materials due to their very low density (1.74 g/cm3),  
however they are much more susceptible to corrosion than 
aluminum alloys. In addition to pure magnesium, alloys of 
magnesium with aluminum, manganese, zinc and strontium 
are used in the production of composites. The above-men-
tioned alloy additives improve, among others, castability, 
strength and corrosion resistance. The most commonly used 
alloys are AZ91, AJ62 and AM50 [14].

Alloys based on Al and Mg have the high physical and 
mechanical properties, wear and corrosion resistance, as 
well as low cost, that’s why they are widely used for purpos-
es of industry and everyday life. At the same time, it is obvi-
ous that today’s requirements for the parts of machines and 
mechanisms cannot be satisfied by even the whole variety of 
known alloys. A way out can be found by creating CM using 
a metal matrix on an aluminum and magnesium base. 

Such materials are promising for use as thermal barrier 
coatings for blades of gas turbine engines, cryogenic flanges 
and other high-pressure elements of liquid-propellant rocket 
engines, lightweight pipelines in aviation and space technol-
ogy, housings for electronic equipment, static and moving 
parts of electronic equipment [1, 15].

In addition, metal-matrix aluminium composites are cur-
rently used as radiation-shielding materials. Firstly, it is the 

protection of equipment and machinery operating in con-
ditions of radiation damage. Secondly, it is a biological pro-
tection of personnel serving this equipment and machinery 
at nuclear facilities, as well as personnel of medical and 
emergency rescue services with increased requirements for 
biologically inert and X-ray protective properties of materi-
als. A new class of lightweight radiation-shielding materials 
based on aluminium and magnesium composites with vari-
ous ceramic fillers, depending on the type of ionizing radia-
tion, is being developed. Such materials have high mechanical 
properties, but operating in the mode of increased ionizing 
radiation, they are subject to significant swelling, including 
due to structural changes. These structural changes can be 
prevented by using metals that are less susceptible to swell-
ing and modification with various nanostructure fillers [16].

3. METHODS FOR OBTAINING COMPOSITE MATERIALS

All methods for obtaining composite materials are usually divid-
ed into solid-state, liquid-state and gas-state [7, 9, 13, 17, 18].  
Liquid-phase methods are more technological and less ex-
pensive than solid-state (e.g., powder metallurgy methods, 
equi-channel angular pressing, etc.) due to the fact that most 
liquid-state methods are associated with the production of 
CM based on low-melting alloys. Methods of impregnation 
and casting are the most common liquid-phase methods.

The matrix metal, which is in a completely or partially 
molten state during the implementation of liquid-state meth-
ods, is mixed with the reinforcing material, forming a com-
posite material that is new in its properties. In addition to 
other advantages, this approach to the production of CM 
makes it possible to effectively control the processes occur-
ring at the interface between the solid and liquid phases. 

The properties of the resulting composite material 
depend on a number of parameters (Fig.1). 

Fig. 1. Parameters affecting the properties of particle reinforced cast composite materials
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4. REINFORCING PARTICLES AND THEIR INTERACTION 
WITH LIQUID METAL IN COMPOSITE MATERIALS

In the technology of producing CCM it is important to choose 
a reinforcing material and a method of introducing reinforc-
ing particles into the melt in addition to the choice of a matrix 
alloy. The reinforcing particles characteristics determine the 
vector of properties changes of the base material. The price 
of the finished product is also important, given its perfor-
mance characteristics.

Depending on the nature and material composition of the 
introduced particles, they can contribute to an increase in the 
strength, friction, or antifriction characteristics of the matrix 
alloy. The properties of CCM reinforced with solid, insoluble, 
refractory particles are largely determined by the nature, 
size, volume fraction, shape of these particles and their inter-
action with the matrix. Common to most production methods 
is the reinforcement of matrix alloys with a dispersed phase 
in the form of particles of oxides, nitrides, carbides, borides, 
and refractory metals [14, 19]. Finely dispersed materials 
obtained from industrial wastes are increasingly wider lately 
used as technologically and economically acceptable rein-
forcing elements for products based on matrices of alumi-
num alloys [20]. Slags of metallurgical production and cupola 
smelting, enrichment wastes, ash from thermal units, fireclay 
powders, broken ceramics, etc., which are ground into pow-
der in ball or vibration mills and calcined in drying ovens or in 
chamber furnaces are used. There are known cases of intro-
duction of particles of graphite and/or bronze in the form of 
chips to increase the antifriction properties of Al alloys [8, 21].  
Particles of SiC, Al2O3, B4C, cast basalt fibers, graphite flakes 
and mica are quite often introduced into alloys based on Al 
and Mg [6, 22, 23].

The micro-particles size can vary within wide limits from 
0.1 to 400 µm [6, 7, 24–28]. In recent years, a too large number 
of studies have been devoted to the reinforcement of alumin-
ium matrices with nanoparticles from 10 to 1000 nm [15, 18, 
29–32]. 

Reinforcements in the form of fibres or particles can be 
a hardening phase only in the case of high interfacial adhe-
sion. Typically, poor wetting is noted in the melt-solids 
combinations used. Improving the wetting of solid particles 
by liquid metal enhances their bond with the matrix metal, 
thereby increasing the mechanical and operational char-
acteristics of finished products. The introduction of sur-
face-active elements into the liquid metal reduces the surface 
tension at the interface between the solid and liquid phases. 
Heating and sometimes calcining of the reinforcing particles 
before being introduced into the liquid matrix alloy is nec-
essary to remove moisture and other gases adsorbed by the 
surface from their surface. The positive effect of heating the 
particles is also reflected in the improvement of their wetta-
bility. An increase in the temperature of the melt during the 
introduction of dispersed particles into it has a similar effect 
on improving wetting.

It is possible to obtain a pure matrix metal, and to ensure 
its reliable contact with reinforcing particles using an inert 
gas or vacuum instead of an oxidizing atmosphere in the pro-
cess of obtaining CM.

The amount of solid phase introduced into the melt when 
implementing liquid-state methods is usually less under 
implementing solid-state methods [13]. There are no uni-
versal recommendations in the literature on the amount of 
injected particles. There can be no such recommendations, 
since the amount of the dispersed phase, providing the great-
est increase in the level of various properties, depends on the 
nature of the matrix alloy and solid particles, their size and the 
nature of their distribution in the matrix. So with the intro-
duction of even 0.3–1.0 wt.% WS2 with a fraction of ~2 µm,  
a noticeable increase in the ultimate strength and yield 
strength of the AZ91 alloy was noted [33]. The authors [34]  
found a positive effect on the compressive and tensile strength 
even with the introduction of 1.0 wt.% B4C particles into 
a matrix of AZ91 alloy. In study [25] it was found that for the  
combination AZ91/SiCp with a particle size of 20–40 µm, 
the optimal amount of solid phase is about 10–15 wt.% for 
increasing of strength properties. In [4], a significant increase 
in the wear resistance of the AZ91 alloy was noted when rein-
forcing it with 10 wt.% particles of SiCp with an average grain 
size of 10 μm. According to the results of investigations [35], it 
is recommended to introduce 5–50 vol.% solid particles into 
high-alloy steels in the form of carbides, titanium nitrides, 
tungsten and niobium in order to increase the wear resistance 
of cast parts.

It is shown in [36, 37] that with a high volume fraction of 
reinforcing particles, CM with an aluminium matrix shows 
high contact strength, that’s why they can be used to create 
supporting elements of cargo roller tables, mirrors substrates 
for guidance systems and parts of hydraulic devices.

There is little discussion in the literature about the influence 
of the shape of reinforcing particles on the properties of CCM. 
As a rule, particles of ceramics, carbides, metal nitrides have 
an acute-angled, chipped shape, graphite particles are lamel-
lar, and refractory metals are rounded [5, 7, 35]. It is obvi-
ous that the shape of dispersed particles can be a factor that 
determines the different characteristics of the finished CM.  
For considering this issue an analogue can be the form of 
graphite in cast iron [38]. It has been established that inclu-
sions of lamellar graphite in gray cast iron have a notching 
effect on the metal matrix, in contrast to inclusions of nod-
ular graphite in ductile iron. As a consequence, ductile iron 
has a much higher level of mechanical properties. It should 
be assumed that inclusions of rounded solid particles will 
be more favourable for the properties of CCMs compared to 
acute-angled or splintered ones.

It is necessary to consider the role of dispersed particles in 
crystallization processes. The rate of crystals nuclei formation 
as well as the rate of their growth, are two competing process-
es that ultimately determine the micro- and macrostructure 
of the solidified metal base, and, consequently, the complex 
of its properties. Thus, the predominance of the rate of for-
mation of embryos over the rate of their growth leads to the 
appearance of a fine-grained micro- and macrostructure and 
a higher level of properties, in comparison with the opposite 
case [39].

Dispersed reinforcing particles can become heterogeneous 
nuclei of crystallization. At the same time, there is an opin-
ion that the introduction of dispersed refractory fillers into 
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aluminium melts helps to reduce the dendritic parameter of 
the cast structure. Ceramic particles, according to [40], are not 
crystallization centres, but are pushed aside by growing den-
drites of α-aluminium into interdendrite spaces enriched with 
easy-melting phases. The modifying role of ceramic particles 
is due to the limitation of the volumes of the melt in which the 
liquation takes place. Particles of metal-like carbides and inter-
metallic compounds also have a modifying effect on the cast 
structure of CM, but already as crystallization centres. When 
graphite particles are added to the CM composition, the par-
ticles are located mainly in the interdendrite spaces and can 
also serve as a substrate for primary silicon crystals in Al-Si 
alloys. It was found that the refinement of the fragments of the 
structure increases with an increase in the content of ceramic 
and graphite particles in the CM.

5. METHODS OF INTRODUCING REINFORCING PARTICLES  
INTO THE MELT AND PARAMETERS OF  
THE INJECTION PROCESS

The next parameter of the CM manufacturing technology by 
liquid-state methods is that of introducing solid particles into 
the liquid phase. Depending on the chosen method, several 
variants of the distribution of particles in the matrix can be 
obtained. One of the following input methods can be selected 
depending on the expected result.

The most common is the stirring method, designed to 
ensure the uniform dispersion of reinforcing particles [5, 7, 
29, 33, 41]. The basic principle of the method is the reinforc-
ing particles are introduced directly into the molten matrix 
metal and are evenly distributed in it due to stirring. The 
more uniformly the hard particles are distributed in the soft 
matrix, the higher the level of properties in the entire volume 
the resulting composite acquires. Therefore, it is important 
to choose the right technological parameters of the process: 

•	 stirring speed;
•	 stirring time;
•	 melt temperature;
•	 heating temperature of the introduced particles;
•	 the introduction of wetting agents into the melt. 

The stirring rate is an extremely important parameter 
that determines the degree of turbulence of the liquid met-
al flow, and, consequently, the nature of the distribution of 
solid particles in the melt. As shown in [5, 7, 41], the move-
ment of reinforcing particles in molten metal is directly relat-
ed to the speed of its movement. In this case, the higher the 
mixing rate is higher the degree of flow turbulence and the 
less noticeable sedimentation processes, the more uniform-
ly the particles are distributed in the liquid and then in the 
solidified matrix alloy. In the same works, it was shown that 
with an increase in the mixing rate, the surface tension at 
the interface between the solid and liquid phases decreases, 
which, as already noted, is very important for ensuring relia-
ble fixation of particles in the matrix. In practice, high-speed 
mechanical with a rotation frequency of up to 4000 rpm  
and more and ultrasonic mixers are used for mixing reinforcing 
particles into liquid metal [42]. The choice of stirring speed 

should be based on an estimate of the melt viscosity. This 
parameter is known to be directly related to the composition 
of the liquid metal and its temperature.

Stirring time is also a critical process parameter [43]. An 
insufficient stirring time can lead to the uneven distribution 
of solid particles in the liquid metal, their concentration in 
some volumes and absence in others. Excessive stirring can 
result in deformation and destruction of the active element 
of the agitator due to high temperatures combined with 
mechanical stress. Obviously, it is necessary to empirically 
choose the optimal stirring time for each specific case.

The choice of the process temperature is an important ele-
ment of the castings manufacturing technology from CM [44]. 
The function of temperature is fluidity to providing the required 
viscosity of the melt at the time of introducing and mixing 
reinforcing particles in it. The role of fluidity in filling moulds 
and obtaining the correct configuration of castings is widely 
recognized. An increase in the temperature of the melt, in addi-
tion, improves the wetting of dispersed particles by the melt.

A slightly different approach to ensuring a uniform distri-
bution of reinforcing particles is implemented under casting 
by the lost-foam method. Solid particles are mixed with gran-
ules of expanded polystyrene and injected into a compression 
mould [45, 46]. Their uniform distribution in the model is pre-
served in the finished casting. This method has not yet found 
wide application in practice due to poor process control.

The second option is typical for obtaining functional-gra-
dient materials. In this case, the necessary parameters of 
physical properties and performance characteristics (coeffi-
cients of friction, thermal expansion, wear resistance, elastic 
modulus, etc.) are implemented in separate specified areas of 
the product. Reinforcing particles in one way or another are 
concentrated in the most loaded section of the casting, there-
by increasing its efficiency. There are several ways of such 
concentration. The production of composites by centrifugal 
casting makes it possible to obtain blanks with a differentiat-
ed distribution of reinforcing elements over the section of the 
casting [47]. The resulting parts have a reinforced outer or 
inner surface (zone), depending on the ratio of the density of 
particles and matrix alloy [8, 47–49]. One of the most impor-
tant technological factors in centrifugal casting, affecting 
segregation processes, is the gravitational coefficient, show-
ing how many times all the components of the alloy become 
heavier in the field of action of centrifugal forces.

During casting in stationary moulds, due to the difference 
in the specific gravity of the matrix metal and reinforcing 
particles, they can be concentrated either in the upper or in 
the lower part of the casting, thereby giving it the necessary 
properties that differ from those of the base metal.

Another group of methods for introducing reinforcing par-
ticles into a matrix alloy is based on the technology proposed 
by Nukami and Flemings [50]. In-situ technology, is based on 
the synthesis of the second phase as a result of the chemical 
interaction of the components introduced into the melt. It is 
characterized by a number of advantages: 

•	 simple and relatively inexpensive equipment; 
•	 short technological cycle; 
•	 high purity and quality of the final alloys. 
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The most widespread technology option is the preparation 
of a master alloy consisting of ultrafine powders of titanium, 
carbon and aluminium as moderator in the form of pellets 
and the introduction of this alloy into the aluminium melt 
[51, 52]. TiC is formed as a result of a chain of chemical reac-
tions at the place of introduction of the master alloy, which 
acts as a reinforcing phase [52–54].

The molten metal matrix solidifies after mixing, securely 
fixing the reinforcing particles within it. In this case, depend-
ing on the purpose of the composite material, it is possible to 
form a shaped casting or an ingot.

6. CONCLUSIONS 

Cast composite materials based on aluminium, magnesium 
and their alloys provide a level of properties much higher 
than that of base metals and alloys. This makes CCM promis-
ing materials for various branches of engineering. 

During obtaining CCM, such parameters of technology are 
important: 

•	 the choice of the type of matrix alloy; 
•	 the method of its preparation; 
•	 type, size, shape and amount of reinforcing particles; 
•	 the principle and parameters of the introduction of dis-

persed particles into the melt. 

Only the optimal combination of all these elements can 
provide composite materials with a high level of physical, 
mechanical and operational properties.
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Abstract

Several biomedical materials have been employed as drug delivery systems, but natural Hydroxyapatite (HAP) has been proven to 
be exceptionally better than other materials owing to its excellent bioactivity and biocompatibility properties. In this study, natural 
HAP was obtained from bovine and caprine bones and comparatively analysed for biomedical applications. The bones were hydro-
thermally treated, calcined in the temperature range of 700–1100°C, held for 2 hours in an electric furnace to remove the organic 
contents; milled, sifted with 150 µm mesh sieve and then characterized. It was revealed by Energy Dispersive X-Ray Spectroscopy 
(EDS) that the bovine and caprine bone samples calcined at 1000°C had calcium/phosphorus ratio (Ca/P) of 1.66 closest to the 
standard of 1.67. The bovine HAP showed the best crystallinity (86.23%) at 1000°C while caprine HAP had its highest (87.25%) at 
1100°C. Fourier Transform Infrared Spectroscopy (FTIR) results revealed that the calcination temperature must be greater than 
700°C to isolate high quality HAP. The Scanning Electron Microscopy (SEM) showed that the samples calcined at 800°C had the 
largest average particle size (85.34 µm) while porosity increases with calcination temperature in both samples. The HAP obtained 
at a calcination temperature of 1000°C proved to have the best quality for biomedical applications.

Keywords:

 hydroxyapatite, calcination, animal bones, crystallinity, porosity

1. INTRODUCTION 

The animal bone comprises 65–70% inorganic components 
and 30–35% organic at the molecular level [1]. Collagen 
(95%) is the main component of the organic part of the bone 
with proteins [2]. There are other organic substances like 
chondroitin sulphate and keratin sulphate with different 
lipids like phospholipids, fatty acids and cholesterol [3] in 
minute quantities. The inorganic part of the bone is mainly 
hydroxyapatite (HAP) Ca10(PO4)6(OH)2, which belongs to the 
group of calcium/phosphate-based biomaterial of ceramic 
origin with considerable chemical similarity to the inorganic 
constituent of the bone matrix [4]. Generally, apatite is de-
scribed by means of the chemical formula M10(XO4)6Z2 where 
M could be Ca2+, Mg2+, Na+, Zn2+, Sr2+, Ba2+, Pb2+or Si2+; X could 
be P5+, Cr5+, V5+ or Mn5+ and Z could be Cl−, F− or OH− [5]. HAP 
is a non-toxic, biocompatible, non-inflammatory and non-im-
munogenic agent. It is also bioactive because it has the ability 

to form a bond with the surrounding bone tissue after im-
plantation. Many studies have been carried out on it owing to 
its chemical and structural similarity to bone minerals [6, 7]. 
As a result of these properties, it is considered to play a vital 
role in both medical and nonmedical fields such as drug deliv-
ery, orthopedics, dentistry, maxillofacial, skull defects, wound 
tissue engineering, artificial bone synthesis, biosensor, the 
removal of heavy metals, and the removal of nitrate from wa-
ter [8, 9]. HAP can be derived from either a natural source 
like marine sources (fish bone and fish scale), shell sources 
(seashell and eggshell) and mineral sources (limestone) [10] 
or by synthetic methods like sol-gel, wet chemical precipita-
tion, hydrothermal method, microwave irradiation [11–14] 
etc. Comparatively, natural apatite existing in bones has bet-
ter biological properties than synthesized HAP. In this regard, 
researchers have endeavored to isolate HAP scaffolds from 
natural sources [15] because of the presence of beneficial 
cations such as Na+, K+, Zn2+, Si4+, Mg2+, Ba2+ and anions such 
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as F−, CO3
2− etc., which are considered to play important roles 

in tissue engineering and other biochemical reactions [16]. 
The trace elements are actively involved in the natural bone 
metabolism process, while the carbonate ions considered as 
an impurity in natural HAP help to enhance the mechanical 
strength, bioactivity and bio-resorbability of the implants. 
This makes natural HAP highly beneficial and more suit-
able in some applications (like drug delivery) than synthetic  
HAP [17, 18]. In this study, caprine and bovine bones were 
calcined to isolate their HAP and then comparatively analyzed 
for compositions and physico-chemical properties in relation 
to biomedical applications. Ojo et al. [19] have claimed that, 
despite their availability, the use of caprine bones has been 
understudied. 

2. MATERIALS AND METHODS

2.1. Preparation of bovine and caprine bone particles

The femur bones of bovine (Bos Taurus) and caprine (Capra 
aegagrus hircus) used in this research work were acquired 
from the Magboro main market in Ogun State, Nigeria. The 
bovine bones were obtained from ~36 months old and cap-
rine bones from 30–36 months old animals. The dirt and 
blood on the bone surfaces were washed off thoroughly and 
then soaked for 96 hours in water to break the firmly adher-
ing tissues, meat, and other impurities on the surface. The 
bones were broken into 4–10 cm lengths and the marrow 
were removed. Defatting of the bones was done to remove the 
proteins and fatty substances in a 10-litre Quink® pressure 
pot with 4 L of preheated water poured and heated to 120°C 
for 1.5 hours. On cooling, the bones were then oven dried for 
8 hours at 80°C. After drying, calcination was done to remove 
the organic matter (collagen) present in the bone samples. 
The bovine and caprine bones were placed into a laboratory 
furnace (Carbonite, England) with 16,000 cm3 heating cham-
ber at 10°C/min heating rate for calcination at 700, 800, 900, 
1000 and 1100°C; soaked for 2 hours and left overnight to 
cool to ambient temperature in the furnace. Each of the cal-
cinations was started at the minimum temperature possible 
in the heating chamber at the beginning of each day. The cal-
cined bone samples were subjected to hammer milling using 
Broyeur Clero® (Model 13634, 1.5 kV, France). This proc-
ess facilitated bone size reduction to less than 10mm. Then 
the bone particles were ball milled using a Faure®machine 
(Model 28A20:92, France) with 5 kg-ceramic milling balls of 
10–20 mm diameter in a 10-litre milling barrel. Ball milling 
was done at the speed of 40 rpm for 20 hours and then sifted 
with 150 µm mesh sieve before characterization. 

2.2. Physicochemical and morphological 
characterization

EMPYERN XRD-600 Diffractometer (45 kV, 40 mA) with 
a CuKα (λ = 1.54 Å) was used to determine the phase compo-
sition of the samples. Radiation over the scanning range (2θ)  
from 5° to 75° and a step size of 0.026°. Using the Equa- 
tion (1) used by Rana et al. [15], the degree of crystallinity 
was obtained. 

c

V
X  

I
/(%) 

 
= − 112 300

300

1 (1)

where: 

 V112/300 – intensity of the valley (hollow part) between 
peaks 112 and 300;

I300 – intensity of peak 300.

Similarly, the crystallite size (D) was determined using 
Scherrer’s equation: 

D K
cos
λ

=
β θ

(2)

where:

K – constant for spherical crystallite; K = 0.89;
β – full width at half maximum of the peak in radians;
λ – diffraction wavelength (0.154059 nm); 
θ – diffraction angle.

The functional groups present in the bovine bone sam-
ples (BBS) and caprine bone samples (CBS) were confirmed 
using Agilent Technologies® (USA) FTIR analyzer in the 
range of 4000–650 cm−1. The morphology of the BBS and 
CBS were examined using SEM; model Phenom® Eindhoven, 
Netherlands. The EDS that was equipped with the SEM was 
used to analyze the elemental composition of the samples. 
The chemical composition of the BBS and CBS bone samples 
were revealed by XRF analyzer while the porosity was deter-
mined by analyzing the SEM micrographs 5 times each using 
Image J® software and the average values were recorded. 

3. RESULTS AND DISCUSSION

3.1. General observations 

During the calcination process of the bone samples, between 
170°C and slightly greater than 700°C, pungent and choking 
fumes were observed from the furnace exhaust pipe. This is 
the temperature range at which the organic component de-
composed. The pH of the fumes was ~9 when tested with 
damp litmus paper. Brownish and bluish colour patches 
were observed on the bone samples, especially the bovine 
ones calcined at 1100°C. It was also observed that at 800°C, 
the physicochemical properties of both bone samples were 
all deviant unlike the properties at other calcination tem-
perature. The calcination was repeated at the temperature 
(800°C) for confirmation; the same results were obtained. 
This might indicate that 800°C is a transitional temperature 
in the calcination process.

3.2. Bone calcination

The HAP was extracted from the bovine and caprine bones 
by means of the thermal decomposition process. In the 
process, at highest calcination temperature (1100°C), the 
largest quantity of organic matter (collagen) was dispelled. 
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After calcination at this temperature, there was a 40.6% 
and 45.6% weight reduction, which signifies the quantity of 
collagen dispelled in BBS and CBS respectively. This was as 
a result of the enormous heat generated at this temperature 
(1100°C), which was high enough to rid the bone samples of 
the inorganic content, in contrast to what happened at 700°C 
where only 31.2% of the collagen was eliminated from the 
BBS. The black color of the sample calcined at 700°C revealed 
the incomplete removal of the organic matrix within the  
bone. Consequently, calcination at temperature close to 700°C  
is not beneficial for removing residual organic content for the 
isolation of pure HAP from the bone samples. As expected, 
the percentage weight loss is directly proportional to the cal-
cination temperature (Fig. 1).

3.3. Chemical composition of calcined bone

The XRF analysis results of the calcined and raw BBS and CBS 
at different calcination temperature are presented in Tables 1 
and 2 showing the chemical compositions of these mate-
rials in oxide form. Oxides of calcium and phosphorous are 
the main components in the bone samples with phosphoric 
pentoxide (P2O5) and calcium oxide (CaO) as 31.08 wt.% and 
40.36 wt.% in BBS; 30.90 wt.% and 41.96 wt.% in CBS re-
spectively. The loss on ignition (LOI) of raw BBS and CBS were 
26.64% and 24.89% respectively. The LOI indicates the re-
moval of the inorganic substance of the bone samples, which 
is probably the reason for its absence in the calcined samples. 
The iron III oxide (Fe2O3) and copper II oxide (CuO) which are 
known for their brownish and bluish color respectively could 
have been concluded to be responsible for the coloration of 
the samples at calcination temperature of 1100°C, but their 
quantity in the raw samples were negligible. Magnesium ox-
ide, strontium oxide, silica, and copper oxide were found in 
very minute quantities in both bone samples. 

3.4. Elemental composition of calcined bones

The elemental composition of the raw and calcined BBS and 
CBS at different calcination temperature were investigated 
by EDS analysis as shown in Tables 3 and 4.

Fig. 1. Percentage weight loss in calcined BBS and CBS at different 
calcination temperature
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Table 1	  
Oxide composition of raw and calcined BBS at different calcination 
temperature in weight percentage

Oxides Raw 700°C 800°C 900°C 1000°C 1100°C
CaO 40.36 52.36 25.38 46.79 46.40 46.92
P2O5 31.80 40.95 22.07 38.83 45.33 48.91

Fe2O3 0.19 0.019 0.52 0.024 0.05 0.02

SiO2 0.18 0.33 7.70 0.67 1.52 0.68
MgO 0.43 1.65 0.88 0.66 1.22 –
CuO 0.016 – 0.0011 – 0.004 0.0002
SrO 0.15 1.26 0.59 0.81 1.02 0.86

Others 0.234 3.431 42.86 12.22 4.456 2.61
LOI 26.64 – – – – –

Table 2	  
Oxide composition of raw and calcined CBS at different calcination 
temperature in weight percentage

Oxides Raw 700°C 800°C 900°C 1000°C 1100°C
CaO 41.95 52.61 45.14 50.47 46.44 47.44
P2O5 30.90 40.36 38.00 40.94 45.00 51.16

Fe2O3 – 0.04 0.22 0.19 0.03 0.13

SiO2 0.20 0.51 3.81 0.56 1.32 0.89
MgO 0.50 0.64 1.27 0.46 1.16 –
CuO 0.006 – – – 0.0003 0.000064
SrO 0.20 2.07 1.24 2.17 1.17 1.13

Others 1.354 3.77 10.32 5.21 4.88 –
LOI 24.89 – – – – –

Elements Raw 700°C 800°C 900°C 1000°C 1100°C

Ca 50.44 69.43 55.69 66.24 66.19 63.97
P 16.75 18.33 20.68 18.26 23.08 23.27

Mg 0.66 0.53 2.38 0.70 0.91 1.08
K 0.6 0.62 0.97 1.00 0.53 0.67

Na 0.5 0.58 1.12 0.43 0.75 0.87
C 17.17 1.07 0.89 1.34 1.10 1.36
O 5.99 – – – – –

Ag 1.86 1.20 1.30 1.89 1.54 1.63
Si 1.55 0.48 4.93 0.65 0.52 0.6
N 1.46 – 0.19 – 0.39 0.28
Al 1.33 0.40 4.16 0.63 0.63 0.73
S 0.72 0.16 0.5 0.36 0.34 0.30

Table 3	  
Elemental composition of calcined BBS at different calcination tem-
perature in weight percentage

Table 4	  
Elemental composition of calcined CBS at different calcination tem-
perature in weight percentage

Elements Raw 700°C 800°C 900°C 1000°C 1100°C

Ca 44.31 66.91 62.96 66.93 65.29 64.73
P 13.8 18.58 21.73 18.48 22.77 23.0

Mg 0.52 0.59 1.96 0.80 0.97 1.12
K 0.33 0.81 0.75 0.99 0.56 0.57

Na 0.26 0.39 0.72 0.56 0.52 0.62
C 30.02 1.18 0.81 1.03 2.30 0.93
O 5.17 – – – – –

Ag 0.94 1.92 1.82 1.66 1.42 1.56
Si 2.2 0.65 1.38 0.72 0.72 0.49
N – – 0.16 – 0.60 0.38
Al 1.70 0.94 1.51 0.81 0.69 0.61
S 0.75 0.38 0.33 0.55 0.31 0.32
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Calcium, carbon, phosphorus and oxygen were present in 
significant amounts in both raw and calcined bone samples 
while the presence of trace beneficial elements such as so-
dium, magnesium, potassium and silicon were detected also 
in the crystal lattice of the isolated HAP. Carbon and oxygen 
were significantly present in both raw samples, with traces 
of sulfur, and nitrogen as they were the main constituents 
of collagen being a protein. Carbon in raw samples reduced 
from 17.7% to 1.36% and 30.02% to 0.93% at 1100°C in 
BBS and CBS respectively. Similarly, as the calcination tem-
perature increases, oxygen is driven off from the organic 
substance [20]. The composition of these elements reduced 
drastically as the calcination was carried out on both sam-
ples. This might not be unconnected with the fact that the 
calcination process expelled the organic substance; conse-
quently, the elements that make up the organic substance 
will be reduced in the crystal lattice of the samples after 
calcination. The sum of the weight percentage of the car-
bon and oxygen present in raw CBS is more than that of 
BBS. This is also in accordance with the results in Figure 1, 
where the percentage weight loss of calcined CBS is more 
than that of BBS at any calcination temperature, indicating 
that CBS has a higher percentage of organic substances. The 
percentage of phosphorus in the raw samples was found 
to have increased from 16.75% to 23.27% and 13.8% to 
23.0% at 1100°C in BBS and CBS respectively while calcium 
in the raw samples was found to increase from 50.44% to 
63.97% and 44.31% to 64.73% at 1100°C in BBS and CBS 
respectively. This implies that calcium and phosphorus in-
crease together with an increase in calcination temperature 
because of the other elements (Carbon and oxygen) that 
were eliminated as the calcination temperature increases. 
Similar to the work of Venkatesan & Kim [21], the increase 
does not tend to be directly proportional to the temperature 
increase. 

The Ca/P ratios of calcined BBS and CBS are presented in 
Figure 2. The Ca/P ratio for the two calcined bone samples 
from 700 to 1100°C show deviations from the theoretical val-
ue for pure stoichiometric HAP of 1.67. In fact, natural HAP is 
non-stoichiometric (exhibits a Ca/P ratio higher than 1.67) [22]. 
The Ca/P ratios of HAP derived from both bone samples 
obtained at 1000°C have the closest values of 1.66. 

The range of Ca/P ratio of HAP derived from both sam-
ples in the present study appear to be markedly higher at  
1.59–2.20 compared to those reported from recent study  
by Ramesh et al. [18] at 1.58–1.88. Also, the CBS is higher at 
1.63–2.09 compared with 1.61–1.79. Researchers have been 
able to identify the factors that could contribute to the devia-
tion of Ca/P ratio from the theoretical value of 1.67. These are 
calcination conditions like the holding temperature and atmo-
sphere of the calcination process. These will significantly affect 
the quantity and type of calcium compounds which would 
appear in the resultant HAP phase [23]. Moreover, ions such 
as Ca2+, PO4

3− and OH− exist in natural tissues and their intensity 
may vary depending on the nutrition and diet of the animal [24].

3.5. Identification of functional groups in HAP

The FTIR has been extensively used for identification of the char-
acteristic functional groups in HAP. These include phosphate  
(PO4

3−), hydroxyl (OH−) and carbonate (CO3
2−). In this study, BBS 

and CBS, the (CO3
2−) appeared at 872 cm−1, 1409–1424 cm−1  

and 1446–1484 cm−1, the presence of (OH−) was shown 
at 3571 cm−1. The (PO4

3−) was revealed at the 913 cm−1,  
1006–1029 cm−1, 1088 cm−1 and 2013–2020 cm−1. The FTIR 
spectra of raw and calcined BBS and CBS at 700–1100°C  
are shown in Figures 3 and 4. 

Fig. 2. Calcium-to-Phosphorus ratio of BBS and CBS at different cal-
cination temperature
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Fig. 3. FTIR spectra of raw and calcined BBS at different calcination 
temperature
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The raw BBS showed characteristic band of amide I and II  
at 1640 cm−1 and 1543 cm−1 also for CBS at 1636 cm−1 and  
1543 cm−1 respectively. This is due to the presence of the 
organic moieties in the raw samples. The HAP obtained from 
BBS and CBS at 700°C showed all the characteristic bands 
of the HAP with amide I band, which means the presence of 
collagen but from calcination temperature of 800–1100°C, all 
the collagen bands start to disappear. The intensities of both 
amide bands I and II are lower in the BBS than CBS, which 
implies that the former has a lower amount of organic phase 
than the latter. As the calcination temperature increases, the 
amide I peak gradually reduces until it totally disappeared at 
800°C in BBS and 900°C in CBS. Amide II disappeared com-
pletely at 700°C in both samples. Moreover, the appearance of 
an additional peak at 962–958 cm−1 and 1088 cm−1 due to the 
symmetrical stretching of phosphate (PO4

3−) in the bones cal-
cined at temperature above 700°C, which was not present in 
raw BBS and CBS, indicates that the shielded HAP was being 
freed from organic matter at high temperature. The most 
intensive and sharpest bands in the range of 1021–1034 cm–1  
correspond to asymmetric stretching vibrations (ν3). Its 
intensity increases with the increase in calcination tempera-
ture. Further, the bands between 2080–2013 cm−1 due to the 
overtones and combination of the ν3 and ν1 (PO4

3−) were also 
observed but the intensity of the v2 was found to decrease 
with the increase in the temperature of calcinations. With the 
increase of the calcination temperature, the relative intensi-
ties of the OH− vibration bands, which did not appear in both 
raw samples but started appearing at 800–1100°C at band  
3571 cm−1 for CBS and only from 900–1100°C BBS, show 
a decrease in intensity in the CBS and thus indicating the proc-
ess of dehydroxylation, where OH− is released by the formation 
of water molecules. The HAP isolated from BBS showed bands 
between 1461–1446 cm−1 and 1420–1409 cm−1 and CBS at 
1484–1446 cm−1 and 1424–1409 cm−1 at calcination tempera-
ture range of 700–1100°C due to asymmetric stretching or ν3 
of carbonate. The weak band in BBS and CBS at 872–880 cm−1  

shows out of plane carbonate band, which disappear as the 
temperature increases [25] and a small band at 667 cm−1 for 
raw CBS, which is associated with the bending vibration of 
a hydroxyl group of HAP [26]. There was no visible OH–  in both 
samples at 3571 cm−1 before heating but after, which is possi-
bly because of overlapping of impurity bands or masking effect 
of other impurity bands over it [15]. The absorbed water band 
(3276 cm−1) appeared in the raw sample and the one calcined at 
700°C in BBS and CBS but disappeared with the increase in cal-
cination temperature. It must be noted that the intensities and 
position of the corresponding absorption bands may be caused 
by the change in the molecular environment of the HAP [27].

3.6. Crystallographic analysis of calcined HAP

The phase composition analysis of the samples was performed. 
Figures 5 and 6 show the XRD patterns of raw and calcined 
BBS and CBS obtained by varying the calcination temperature 
from 700–1100°C. The XRD parameters of BBS and CBS show 
identical phases present. The intensities of BBS and CBS dis-
persed by X-ray radiation were found to be 609 and 573 au 
respectively, which are relatively low intensities with a wider 

peak. This is due to the strong presence of organic contents 
(collagen) in the bone. The amorphous phase disappeared as 
the calcination temperature increases. It was observed that 
as the calcination temperature increases, the peak intensity 
increases with a decrease in the width of the peak, indicating 
the removal of the organic portion. This also means increasing 
crystalline nature and crystal size. The CBS in all the calcina-
tion temperature was revealed to have lower HAP peak inten-
sities than the BBS. This might not be unconnected with the 
presence of higher organic content in CBS than that of BBS as 
revealed during the calcination process. The samples calcined 
at 700°C in both samples showed wider peak of low intensity, 
which was a slight improvement over the raw samples, indi-
cating the incomplete removal of organic matter present in 
the bone matrix. However, thermal calcinations from 800°C 
showed intense and sharp peaks indicating the crystalline na-
ture and complete removal of organic matter. Blanco et al. [28] 
revealed that the highest diffraction peak height is related to 
the amount of crystalline material in the sample. This showed 
that both raw and calcined CBS have lower crystalline HAP 
phase when compared with BBS, which indicates more amor-
phous collagen than the BBS. The XRD patterns of the samples 
at the range of calcination temperature used in this study do 
not reveal any other peak apart from HAP’s. This is an indica-
tion that the HAP derived from the two samples showed ther-
mal stability even at the highest temperature (1100°C) [18]. 

Fig. 5. XRD pattern of raw and calcined BBS at different calcination 
temperature
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Fig. 6. XRD pattern of raw and calcined CBS at different calcination 
temperature
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Table 5 shows the parameters obtained from XRD spectra; 
the peak intensity, crystallinity index and crystallite size ob-
tained at the different calcination temperatures. There is no 
separated peak between 112 and 300. It is important to note 
that dehydroxylation of the HAP phase would cause a small 
degree of peak shifting in the XRD trace.

The degrees of crystalline and crystallite size in both samples 
tend to increase with an increase in calcination temperature. 
Zhang et al. [29] revealed that increasing crystallinity of nCaP 
could slow drug release rate. Also, lower crystallinity exhibit-
ed higher drug loading capacity due to presence of more Ca2+ 
adsorption sites on the surface. Similarly, Sanosh et al. [30]  
reported that the HAP with high crystallinity have little or no 
activity towards bio-resorption, which is important for the 
formation of chemical bonding with surrounding hard tissues 
and fully developed crystalline HAP structure is insoluble in 
physiological environment expected to be less metabolical-
ly active than the crystalline HAP. Additionally, the crystal-
lite size was not consistent with calcination temperature; it 
was believed that crystal size was closely related to the age 
of the animal, especially the age of the crystal. The crystal 
harvested from young postnatal animals was reported to be 
shorter and thicker than that from mature individual [31].

When crystallinity index (Xc ) ≥ 70% usually considered to 
be a high degree of crystal; 30% < Xc < 70% Medium degree of 
crystal and when Xc < 30%, it is considered low degree of crystal.

3.7. Calcined HAP morphology and size examination

The scanning electron micrographs and average particle size 
of the raw and calcined BBS and CBS at 700–1100°C are pre-
sented in Table 6 and Figure 7.  

Table 5	  
Crystallographic parameters of raw and calcined BBS and CBS at 
different calcination temperature

Temperature Samples Intensity 
peak [au]

Crystallinity 
index [%]

Crystallite 
size [nm]

Raw

Bovine 609 No separated 
peaks –

Caprine 573 No separated 
peaks –

700°C
Bovine 1201 50.8 39.88
Caprine 910 24.79 39.89

800°C
Bovine 2410 83.47 53.18
Caprine 2937 88.17 53.19

900°C
Bovine 2073 84.5 53.18
Caprine 1729 78.77 45.57

1000°C
Bovine 2871 86.23 53.79
Caprine 1956 75.31 40.31

1100°C
Bovine 2749 83.4 53.78
Caprine 2890 87.25 53.78

Table 6	  
Average particle size of raw and calcined BBS and CBS at different 
temperature in micrometer
Samples Raw 700°C 800°C 900°C 1000°C 1100°C

BBS 52.4 15.52 85.34 12.36 8.35 8.14
CBS 40.7 13.13 88.31 10.01 7.14 7.04

Fig. 7. SEM Morphology of raw and calcined BBS and CBS: a) BBS Raw; 
b) CBS Raw; c) BBS 700°C; d) CBS 700°C; e) BBS 800°C; f) CBS 800°C; 
g) BBS 900°C; h) CBS 900°C; i) BBS 1000°C; j) CBS 1000°C; k) BBS 
1100°C; l) CBS 1100°C

a)

i)

g)

e)

c)

k)

b)

j)

h)

f)

d)

l)
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The morphologies of raw BBS and CBS look like mass of ag-
gregates that have low surface area and show a wide range 
of particle size and shapes with edges and corners rath-
er than being spherical. This irregularity in size and shape 
of the particles might be due to the presence of collagen in 
the raw samples, which means more toughness and subse-
quently more resistance to milling [19]. In comparison, the 
calcined bone samples show some alteration in their mop-
hologies and particle size reduction was maximal, exhibit-
ing higher surface area [32]. This might be attributed to less 
energy requirement for their size reduction as the organic 
moiety, which served as the matrix had been eliminated by 
heat generated at high temperature of the calcination proc-
ess. Calcined samples at 700°C tend to have a larger particles 
size, more noticeable in BBS. This might be due to the incom-
plete removal of collagen. The particles become finer as the 
calcination temperature increases. The particle size, shape 
and surface roughness have effect on the properties of the 
particles. The particle size plays an important role in the drug 
release profile of the particles [33]. Moreover, the morpholo-
gy of HAP particles also depends on the source of the bone, 
holding time and temperature of calcination. It might also be 
influenced by the gender, age, and food habit of the animals 
from which the bone was collected. Hence, more studies are 
required to understand the influence of these biological fac-
tors on the morphology.

3.8. Porosity analysis of calcined HAP

The porosity of the calcined BBS and CBS at different tem-
perature is shown in Table 7. Porous HAP is an excellent drug 
carrier. Netz et al. [34] conducted in vitro tests to show that 
the porosity of HAP greatly influenced drug release kinetics 
by using HAP with high porosity (82.63%), which exhibited 
irregular release of cisplatin as high porosity could cause an 
irregular structure, which may have affected the cisplatin 
release. The HAP porosity would be useful in the drug de-
livery systems, only if the porosity is less than 78%. HAP of 
lower porosity showed significant initial burst release. It was 
believed that a higher porosity could provide more motion 
freedom of the molecules to be regularly carried out from the 
porous structure of HAP. The porosity in the two samples re-
duces with increase in calcination temperature. This may be 
attributed to the tighter packing of HAP at a high tempera-
ture, due to the improved crystallinity of the structure [35]. 
Also, the loading efficiency increases with porosity [17].

4. CONCLUSIONS

In this research, the best Ca/P ratio of 1.66, which is close to 
the standard (1.67) was obtained at 1000°C. On average, the 
BBS HAP had the highest degree of crystallinity (86.23%) at 
1000°C while CBS HAP had its (87.25%) at 1100°C. It was 

also observed that calcination at 700°C gave HAP of the worst 
quality. The composition, morphology and particle size of 
samples calcined at 800°C were deviant unlike the proper-
ties at other calcination temperature. It might be a transition 
temperature at which the cohesive forces are broken down 
in the samples. The calcination affected the quantity of ma-
jor elements like calcium and phosphorus that increase with 
temperature. In contrast, other elements like carbon, oxygen, 
sulfur that are associated with organic moieties reduced 
drastically at the elevated temperature. The minor elements 
like sodium, magnesium etc., were still present in the HAP 
even at the highest temperature (1100°C). The calcined bone 
samples when compared with raw samples showed some 
alteration in its morphology with spherical agglomerates in 
high surface area HAP particles. There was particle size and 
porosity reduction with increase in calcination temperature 
in both samples. At 1100°C and 800°C, the smallest and larg-
est particle size respectively were recorded with BBS and 
CBS having 8.14 µm and 7.04 µm also 85.34 µm and 88.31 µm 
particle size respectively. Samples calcined at 1100°C had the 
least porosity. However, a calcination temperature of 1000°C 
has proven to be the best temperature for the isolation of the 
best quality HAP from both BBS and CBS. 
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Abstract 

Conventional wound material allows bacterial invasions, trauma and discomfort associated with the changing of the dressing 
material, and the accumulation of body fluid for wounds with high exudate. However, there is a shift from conventional wound 
dressing materials to polymeric nanofibers due to their high surface area to volume ratio, high porosity, good pore size distri-
bution, which allows for cell adhesion and proliferation. There is an urgent need to synthesis a biodegradable composite that 
is resistant to bacterial infection. In this study, an electrospun polylactide (PLA) composite suitable for wound dressing, with 
enhanced antimicrobial and mechanical properties, was produced. The neat PLA, PLA/CH (10 wt.%), PLA/CH (5 wt.%), PLA/CHS  
(10 wt.%), PLA/CHS (5 wt.%), PLA/CH (2.5 wt.%) /CHS (2.5 wt.%) and PLA/CH (5 wt.%)/CHS (5 wt.%), were electrospun 
using 0.14 g/ml solution. Results show that crystallinity (67.6%) of neat PLA declined by 3.8% on the addition of 2.5 wt.% 
chitin/chitosan with improved hydrophilicity of the composite. The tensile strength of neat PLA (0.3 MPa) increased (0.6 MPa) 
with 2.5 wt.% chitin/chitosan addition. The slight increase in the glass transition temperature from 75°C for neat PLA to 78°C 

of the composite fibre, showed improved ductility. The fibres showed little beads, hence suitable for wound dressing. The elec-
trospun mats have good water absorption capacity and strong resistance against Staphylococcus aureus. Good performance was 
attained at 5 wt.% of chitin, chitosan and hybrid reinforcements. Therefore, a PLA/chitin/chitosan composite is recommended 
as a wound dressing material. 

Keywords: 

chitin, chitosan, hydrophilicity, polylactide acid, skin, wound, staphylococcus-Auerus 

1. INTRODUCTION	

Wound healing is a global medical concern, and has thrown 
up other challenges, including the increasing incidence of 
obesity, type II diabetes, and ageing populations [1]. In 2018, 
retrospective analysis of Medicare beneficiaries identified 
that ~8.2 million people had wounds with or without in-
fections. The Medicare cost estimate for acute and chronic 
wound treatment ranges from $28.1 billion to $96.8 billion. 
The highest expenses were for surgical wounds followed 
by diabetic foot ulcers [2]. In the US alone, over 100,000 

surgeries performed daily involve surgical wounds. The an-
ticipated market shares for wound care products are expect-
ed to reach ~US$25000 million. The use of growth factors to 
accelerate the healing of wounds offers a tremendous prom-
ise as a therapeutic approach in treating chronic wounds. Cli-
nicians are unable to recommend the use of advanced dress-
ings, however, because of their high cost, although these are 
more conducive to healing, require fewer dressing changes, 
and less care [3].

In terms of effectiveness, a wound dressing material should 
be able to keep the wound moist, stop bleeding, improve oxygen  
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absorption, remove exudates, be biodegradable, prevent bac-
terial infection and enhance the healing process [4–6]. The 
authors, [7] explicitly corroborated that wound dressings 
currently available in the Western Nigerian market do not ful-
ly address all the physiological issues associated with chronic 
wounds. The study primarily focused on bacterial clearance, 
leaving other factors inhibiting wound bed re-epitheliza-
tion and wound closure unattended. It should be noted that 
a wound dressing material should be able to mimic the skin 
extracellular matrix (ECM). In this regard, nano fibres that are 
similar to ECM protein and pore size are important factors 
that facilitate cell respiration, haemostasis, exudate removal 
and moisture retention [8]. Electrospinning is considered one 
of the best methods of producing 3D nano-fibrous materials 
for the dressing of chronic wounds. Most electrospun fibres 
possess the desirable properties of an ideal wound treatment 
material. Although electrospinning is a  simple and quick 
method in the fabrication of nano-fibrous scaffolds, there still 
exist challenges in the fabrication of scaffolds with complex 
structures, such as the homogeneous distribution of pores, 
thus limiting its application in biomedicine. In the study, [9]  
observed that the addition of particles can lead to the for-
mation of a porous fibre network, which enables the mate-
rial to absorb water and solvents. The introduction of new 
biopolymers and fabrication techniques that offer advan-
tageous characteristics in wound dressing materials is  
important [8].

Polylactic acid (PLA) is obtained from natural raw materi-
als such as maize and its degradation products including H2O 
and CO2. Their intermediate products, being hydroxyl and 
lactic acid, can be absorbed by the body [10, 11]. However, 
PLA has drawbacks like poor ductility and to improve on 
this property, it has been reinforced in recent times with dif-
ferent materials to form various composites. For example, 
[12] prepared a  nano-fibre membrane of polylactic acid/
polybutylene, carbonate/graphene oxide by electrospin-
ning and noticed that the incorporation of graphene oxide 
(GO) leads to the improvement in the hydrophilicity of the  
PLA/PBC/GO membrane. This was attributed to the presence 
of the oxygen rich functional group in graphene oxide (GO), 
which reduces the highly hydrophobic ester group in PLA/PBC.  
Furthermore, [13] fabricated a  novel high performance 
ductile polylactic acid nano scaffold coated with poly(vi-
nyl alcohol) (PVA). The results showed that the nano-fibre 
demonstrated good hydrophilicity and mechanical proper-
ties. The study suggested that the improvement in the tensile 
strength was due to the increase in the tear resistance of the 
branch PVA fibres compared to the linear membrane rather 
than the presence of a physical/chemical bond between the 
polymers. Chitin (CH) and its derivative chitosan (CHS) are 
obtained from marine exoskeletons. Chitosan is known for 
its antibacterial, tumoricidal, natural blood clothing, wound 
healing and scar elimination properties [4]. Unfortunately, it 
is extremely difficult to electrospin chitosan, because of its 
high viscosity and polyelectrolyte nature [14] and specific 
intra and inter molecular interactions [15], which causes poor 
entanglement of the chains. Thus, chitosan is often blended 
with natural and synthetic polymers. From literature, there 
is little or no work on PLA/chitin/chitosan composite. PLA 

and chitin are known to be hydrophobic, while chitosan on 
the other hand is hydrophilic due to the amino group, there-
fore blending these biopolymers will enhance the hydrophilic 
behaviour of the composite. Thus, this work evaluates neat 
PLA, PLA/chitin, PLA/chitosan and PLA/chitin/chitosan fibre 
composites, to evaluate its physiochemical properties and 
ascertains their potential use in the management of surgical 
wounds around the abdominal region.

2. MATERIALS AND METHOD 

2.1. Materials

Polylactic acid (average molecular weight 250,000 g/mol), 
dichloromethane 95% purity (England). Water used in all 
the tests was Milli-Q water (Millipore, USA). Bacterial strains 
of Methicillin-resistant Staphylococcus aureus obtained from 
South Africa was utilized in this study.

2.2. Method

14 g of PLA was dissolved in 100 ml of dichloromethane to 
produce solution of 0.14 g/ml viscosity. Then, 5 and 10 wt.% 
chitin and chitosan respectively were added to the solution 
and stirred continuously until homogenous mixture was 
achieved. This was followed by electrospinning at a constant 
voltage of 26 kV, with 90°C spinneret inclination at room 
temperature (28°C). A  stationary Aluminum plate kept at  
121 mm from the tip of the spinneret was used as the collector.

2.3. Characterization of electrospun fibre mat

2.3.1. X-ray diffraction (XRD)

The X-ray diffractometry measurements were performed us-
ing an EMPYERN diffractometer model XRD-600 at the Na-
tional Geosciences Research Laboratory, Kaduna. The facili-
ty uses CuKα radiation (λ = 1.540598 Å, Ni-filter) at 40 kv,  
30 mA. Without any preferred orientation, the samples 
were scanned in steps of 0.026261° in the 2θ in the range of  
4.99–75.00° using a count time of 29.7 s per step.

The crystallinity index (Crl) for the neat PLA and the com-
posites mats were calculated using Equation (1) [16]. 

IcCrl
Ic Ia

(%)  = × + 
100 (1)

where Ic and Ia represent the intensities of the crystalline 
and the amorphous regions respectively.

2.3.2. Thermogravimetric analysis (TGA)

Analysis of samples was carried out on TGA Q500 instru-
ment where 2 mg of samples were heated to 750°C at  
10°C/min. The temperature for the onset of thermal decompo-
sition (Tonset), temperature at the end of decomposition (Tfinish)  
and the temperature at which decomposition was maximum 
(Tmax) were deduced from the thermograms. 
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2.3.3. Scanning electron microscopy (SEM)

The micrographs of samples were produced via a scanning 
electron microscopy model Phenom Eindhoven, Netherlands 
situated at Amadu Bello University, Zaria. It works with an 
electron intensity beam of 15 kV, while the samples were 
mounted on a conductive carbon imprint left by the adhesive 
tape. This is usually prepared by placing the samples on the 
circular holder and coated for 5 min to enable it conduct elec-
tricity. Free online software, Image J was used to determine 
the pore size and fibre diameter of electrospun mats.

2.3.4. Differential scanning calorimetry (DSC)

Thermal characteristics of 7–8 mg of the electrospun sam-
ples were determined using a differential scanning calorim-
etry (DSC) device (Mettler Toledo Equipment DSC1 star sys-
tem) operated from 25 to 250°C at 10°C/min. High pressure 
pans were used for the test and heat flow was measured as 
a function of the temperature and time.

2.3.5 Tensile test

Tensile strength characteristics of the neat PLA and the com-
posites mats were determined using an Instron 3369M ten-
someter located at the Centre for Energy Research and Devel-
opment, Obafemi Awolowo University, Ile-Ife Nigeria. Each 
sample was fixed and held firmly at both ends by the gauge 
as the load was applied until the sample finally failed. 

2.3.6. Water absorption test

Water absorption of the fibre mat was studied at room tem-
perature. Electrospun fibres were weighed and immersed in 
50 ml of water for one month. During this period, the sample 
was removed from the water, cleaned and reweighed every 
one week. At the end of the one-month interval, the water ab-
sorption was calculated using Equation (2) [17].

wet o

o

W WWater  uptake 
W

(%) −
= ×100 (2)

where: 

 Wwet – is weight of wet fibre;
Wo – initial weight of the sample prior to immersion.

2.3.7. Antibacterial assay 

An antibacterial susceptibility test was conducted using sev-
eral pieces of equipment and tools including an autoclave 
model YX-280A, a  Gallenkamp incubator model from En-
gland, a  weighing balance manufactured by Ohaus, micro-
pipette, nutrient agar and peptone water (Lab M, UK), petri 
dishes, cotton wool, antibiotic, Staphylococcus aureus strain 
(ATCC 29213), forceps and a Bunsen burner. The antibacte-
rial assay of the composites was performed on Staphylococ-
cus aureus strain (ATCC 29213), which was maintained in 

glycerol-nutrient broth at 4°C in the Department of Microbi-
ology, University of Lagos, Nigeria. According to a modified 
protocol by [18], the bacterial strain was sub-cultured in 
peptone water (Lab M, UK) and incubated at 37°C for 24 h. 
The culture was serially diluted, and aliquot of appropriate 
dilution was inoculated into fresh sterile peptone water in  
McCartney bottles corresponding to the test samples. The 
composites were incorporated into the inoculated medium 
with the aid of a sterile pair of forceps. The samples were fur-
ther incubated at 37°C for 24 h. To determine the total viable 
counts (TVCs), five folds’ serial dilutions of the test samples 
and controls were made. Aliquot of appropriate dilutions of 
the test samples and controls were plated onto nutrient agar 
plates (Lab M, UK) in duplicates using the pour plate tech-
nique [19]. The inoculated plates were then incubated at 37°C  
for 24 h. After 24 h incubation, the developed colonies were 
counted in duplicates, and the mean values were multi-
plied by the dilution factor to give TVC. The bacterial colo-
ny forming units (CFUs) were compared with the bacteria 
growth in the absence of the composites (organism control). 

3. RESULTS AND DISCUSSION 

3.1. Effect of reinforcement on crystallinity of  
PLA composite fibres

Neat PLA (see Fig. 1) was used as a reference to the entire 
composite fibre mats. A weak and broad scattering reflec-
tion, with low absorption intensity attributed to several de-
grees of molecules deformation [20] was detected around 
2θ = 16.7° and 19.5° for the neat PLA. This is within the 
range reported by [21] for semi crystalline polymer. Crys-
talline peaks for chitin and chitosan occurred around 2θ 
range of 16.5° and 22.5°. This was also observed by [15]. 
This may be attributed to the intercalation of chitin and 
chitosan structure within the PLA matrix. However, there 
was no change in the crystalline peak position for the com-
posite mats at various percentages of reinforcement, when 
compared with neat PLA. This shows good miscibility and 
interactions between the composite constituents. This in-
teraction might have occurred due to the hydrogen bond-
ing between the PLA and hydroxyl/amine group of chitin 
(CH) and chitosan (CHS). A narrow hump was noticed at 2θ 
range of 33° for the fibre mats with PLA/CH (10 wt.%) and 
PLA/CH (2.5 wt.%) /CHS (2.5 wt.%). The crystallinity in-
dex of the fibre mats is shown in Table 1. The high degree 
of crystallinity of the electrospun neat PLA and PLA/CHS 
(5 wt.%) fibres when compared to the other composites 
was ascribed to the higher stretching of the polymer chains 
leading to a higher degree of molecular organization [22]. 
Adding a hybrid of chitin and chitosan at varying weight per-
centages lowers the degree of crystallinity of PLA by 3.8%. 
[23] observed that the crystallinity of PLA decreased by 2 
and 8% when it was reinforced with 10 and 35 wt.% of Ti-
tanium oxide respectively. The lower degree of crystallinity 
improves degradability, and solves the hydrophobic prob-
lem of PLA, which is a key factor in improving drug release 
and drug loading efficiency [24, 23] thus, making the fibre 
mats useful for wound dressing. 
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Fig. 1. XRD of electronspun PLA and composite fibre: a) neat PLA;  b) PLA/CH (5 wt.%); c) PLA/CHS (5 wt.%); d) PLA/CH (2.5 wt.%)/CHS 
(2.5 wt.%); e) PLA/CH (10 wt.%); f) PLA/CHS (10 wt.%); g) PLA/CH (5 wt.%)/CHS (5 wt.%) 

Table 1	  
Crystallinity of the electrospun fibre

Electrospun fibre Crystallinity [%]

PLA 67.6

PLA/CH (10 wt.%) 65.1

PLA/CH (5 wt.%) 67.1

PLA/CHS (10 wt.%) 66.7

PLA/CHS (5 wt.%) 67.6

PLA/CH (2.5 wt.%) /CHS (2.5 wt.%) 65.3

PLA/CH (5 wt.%)/CHS (5 wt.%) 65.8
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3.2. Thermal degradation response of  
the reinforced PLA composite

The TGA thermogram (see Fig. 2) of neat PLA showed a range 
of thermal degradations between 311–364OC with initial 
mass loss of 25% and 43%. This degradation temperature for 
neat PLA falls within the range reported by earlier research- 
ers [25, 26]. The residue decomposes finally at 542°C. The fibre 
mat composites showed, thermal degradation of 301–379°C,  
272–348°C, 257–339°C, 287–416°C, 287–405°C and 292–377°C,  
for PLA/CHS (10 wt.%), PLA/CH (2.5 wt.%)/CHS (2.5 wt.%), 
PLA/CHS (5 wt.%), PLA/CH (5 wt.%), PLA/CH (5 wt.%)/CHS 
(5 wt.%), PLA/CH (10 wt.%) respectively. The degradation 
temperature of chitin has been found to occur around 400°C. 
[27–29] reported that chitosan exhibited two stages of deg-
radation, with the loss of water molecules in the first stage. 
However, this result does not agree with what was observed 

in the present study, where three stages of decomposition 
were observed. The first stage, which is the loss of water mol-
ecules due to hydrophilic nature of chitin and chitosan, was 
not visible in these spectra, since their percentage in the ma-
trix was relatively small and it also confirms that there was 
complete vaporization of Dichloromethane after electrospin-
ning. The second stage is at 342–369°C, with the decompo-
sition of the pyranose ring along the polymer backbone to 
form a complex adduct. The third stage was at 417–415°C, 
and is the decomposition of the obtained adducts. This is 
consistent with the works of [15, 30] where it was reported 
that the thermal stability of electrospun chitosan reinforced 
with chitin nanocrystals is 180°C. A similar thermal stabili-
ty of ~185°C was obtained in this present study. The studies 
suggest that all the fibres have the required thermal stability 
to be used in wound dressing, which will be in-contact with 
the body. 

Fig. 2. TGA of electrospun PLA and the fibre mat: a) neat PLA;  b) PLA/CH (5 wt.%); c) PLA/CHS (5 wt.%); d) PLA/CH (2.5 wt.%)/CHS (2.5 wt.%); 
e) PLA/CH (5 wt.%)/CHS (5 wt.%); f) PLA/CHS (10 wt.%); g) PLA/CH (10 wt.%)
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From the TGA curve (see Fig. 2), it was observed that, the 
neat PLA fibre is more thermally stable than the fibre mats of  
PLA/CHS (10 wt.%), PLA/CH (2.5 wt.%) /CHS (2.5 wt.%), PLA/CHS  
(5 wt.%), PLA/CH (5 wt.%). This is consistent with the works  
of [31, 32]. According to the authors [15] who reinforced PLA 
with PVA, they observed that the decomposition temperature 
of the composite was reduced in comparison with the neat PLA. 
This result also showed that the compatibility and interfacial 
bonding decreases by mixing of both PLA polymer and fibre [32].  
The presence of the fibre in PLA destabilized the PLA matrix, 
where some portion of the polymer is replaced with less ther-
mally stable fibres in the composite materials [31]. In the 
study, [33] attributed this to the thermal instability of PLA. The 
reduction in thermal stability does not alter the properties of 
the scaffold when used at biological temperatures (37°C) [34] 
and is therefore deemed insignificant in practical terms [35].  

Conversely, PLA/CH (5 wt.%) and PLA/CH (5 wt.%) /CHS (5 wt.%)  
were more stable when compared with the neat PLA; this may 
be attributed to pronounced particle interaction within the 
fibre matrix. Similar results were also obtained by [36, 37].

3.3. Decomposition characteristics of  
PLA fibre composites

The DTG thermogram (see Fig. 3) showed maximum decom-
position temperature at 399°C, 483°C, 385°C. 411°C, 378°C, 
403°C, 409°C for Neat PLA, PLA/CH (5 wt.%)/CHS (5 wt.%), 
PLA/CHS (5 wt.%), PLA/CH (10 wt.%), PLA/CH (2.5 wt.%)/
CHS (2.5 wt.%), PLA/CH (5 wt.%) and PLA/CHS (10 wt.%), 
respectively. Thus, some of the composites (478°C, 428°C, and 
423°C) showed strong resistance to heat before decomposing 
and could therefore serve as a hot packaging material [38].

Fig. 3. DTG of electrospun PLA and the composite fibre mat: a) neat PLA;  b) PLA/CHS (5 wt.%); c) PLA/CH (2.5 wt.%)/CHS (2.5 wt.%); d) PLA/CH  
(5 wt.%); e) PLA/CH (10 wt.%); f) PLA/CHS (10 wt.%); g) PLA/CH (5 wt.%)/CHS (5 wt.%) 
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3.4. Glass transition temperature (Tg) analysis of 
electrospun PLA and composite fibre

Figure 4 shows the DSC thermogram of electro spun PLA and 
PLA composites with varying percentages of reinforcement. 

The Tg of the neat PLA, PLA/CHS (10 wt.%), PLA/CH 
(2.5 wt.%)/CHS (2.5 wt.%) are the same (75°C), while 
that of PLA/CHS (5 wt.%),PLA/CH (5 wt.%) have a  Tg of 
(77°C) and PLA/CH (5 wt.%)/CHS (5 wt.%) a Tg of (78°C),  
which are higher than that of neat PLA. PLA/CH (10 wt.%),  
did not show any glass transition temperature. A  slight 
increase in the glass transition temperature of the compos-
ite shows an increase in the ductility of the reinforced fibre 
mat material. Thus, PLA/CHS (5 wt.%),PLA/CH (5 wt.%), 
PLA/CH (5 wt.%)/CHS (5 wt.%) is a  suitable material for 
wound dressing, due to its enhanced ductility. This result 
is in agreement with [31] who reported a slight increase in 
Tg of PLA reinforced with 10 wt.% of kenaf fibre. However, 
Tg reported here is a  little higher than the one observed in 
the literature [12, 23, 31]. The increase in the glass transi-
tion temperature is due to the restriction of polymer chain 
mobility within the interface caused by the hydrogen 

bonding created between the PLA fibre surface and the fibre 
reinforcement [39, 40]. The formation of a single glass tran-
sition temperature confirms that the composite blend is 
miscible. A  cold crystalline peak was noticed at 155°C. For 
PLA/CH (10 wt.%), which was not observed in the other 
composites. The presence of cold crystallization has been 
attributed to freezing of crystallization before the comple-
tion of solvent removal from the spun fibre mat [40]. This 
composite possesses the lowest crystallinity (65.1%) as 
shown in Table 1. This was also observed in the work of [9] 
where the low crystallinity was attributed to the presence of 
cold crystallization. The melting peak for PLA/CH (5 wt.%)  
and neat PLA is the same (159°C); PLA/CHS (10 wt.%) and 
PLA/CH (2.5 wt.%)/CHS (2.5 wt.%) have their melting peak 
at 152°C while that of PLA/CHS (5 wt.%), PLA/CH (10 wt.%) 
and PLA/CHS (wt.%)/CH (5 wt.%) occurred at 165°C, 169°C 
and 149°C respectively. It was observed that the melting  
peak of PLA/CHS (10 wt.%), PLA/CH (2.5 wt.%)/CHS (2.5 wt.%)  
and PLA/CHS (5 wt.%)/CH (5 wt.%) is lower than that of 
neat PLA while PLA/CHS (5 wt.%), PLA/CH (10 wt.%) has 
a higher melting peak. The increase in this melting tempera-
ture might be due to the rearrangement of molecular chain in 
the regular crystals [12].

3.5. Morphology features of electrospun PLA  
and composite fibre

Figure 5 shows the electrospun fibre morphology while Figu- 
re 6 shows average fibre diameter distribution for neat PLA and 
its composites. The morphology reveals that the fibres were 
distributed randomly in a non-woven formation. The fibre di-
ameter of the neat PLA was found to be 14.53 nm. PLA/CH  
(5 wt.%), PLA/CH (2.5 wt.%)/CHS (2.5 wt.%), PLA/CH (10 wt.%)  
have a fibre diameter of 15.95 nm, 16.85 nm, 15.15 nm re-
spectively. The increase in fibre diameter of PLA, with the ad-
dition of reinforcement may be attributed to an increase in 
solution viscosity in agreement with the observation of [21]. 

Fig. 5. The SEM morphology of: a) PLA/CHS (10 wt.%; b) PLA/CH (2.5 wt.%)/CHS (2.5 wt.%); c) PLA/CHS (5 wt.%); d) PLA/CH (5 wt.%);  
e) neat PLA; f) PLA/CH (5 wt.%)/CHS (5 wt.%); g) PLA/CH (10 wt.%) 

Fig. 4. DSC curve of neat PLA and composite fibre
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Conversely, PLA/ CHS (5 wt.%), PLA/CHS (10 wt.%) and PLA/CH  
(5 wt.%)/CHS (5 wt.%) showed fibre diameter of 6.86 nm, 
12.27 nm, and 10.29 nm respectively, which is lower than that 
of neat PLA. This could be attributed to the alleviation of the 
clogging issue arising from agglomeration during electrospin-
ning. The fibres exhibited a relatively uniform fibre diameter. 
A  knob was observed in PLA/CH (5 wt.%), which might be 
due to the agglomeration of micro-particles that did not com-
pletely dissolve in the PLA matrix [41]. The presence of beads 
was also noticed in PLA/CHS (5 wt.%), PLA/CH (10 wt.%) and 
PLA/CHS (10 wt.%). Neat PLA has an average pore diameter of  
22 m, which is higher than that of the composite’s fibres. The 
pore diameters of the composites were 16 µm, 13 µm, 11 µm,  
13 µm, 10 µm and 15 µm for PLA/CHS (10 wt.%), PLA/CH (2.5 wt.%)/ 
CHS (2.5 wt.%), PLA/CHS (5 wt.%), PLA/CH (5 wt.%), PLA/CH  
(5 wt.%)/CHS (5 wt.%) and PLA/CH (10 wt.%) respectively. 
The pore sizes were a result of the irregular deposition of the 
fibres. However, the pore diameter reported here is higher 
than the one reported by [24]. In the research of [36] on elec-
trospun polylactic acid and chitosan using different solvents, 
they noted that a  uniform fibre diameter was obtained at  
0.4 wt.% chitosan. However, in this present study, a uniform 
fibre diameter was obtained at various weight fractions for 
a single solvent. 

3.6. Strength characteristics of PLA and its composite 

The mechanical strength of a composite nano fibre is quite im-
portant for its potential use as a wound dressing material. The 
tensile strengths of PLA/CH (2.5 wt.%)/CHS (2.5 wt.%) fibre 
and PLA/CHS (5 wt.%) are 0.60 MPa and 0.40 MPa respective-
ly, which are superior to neat PLA (0.30 MPa), while the rest 
of the fibre mats have lower tensile strength. From Figure 7, it 
is observed that there is a minimum percentage of reinforce-
ment for peak tensile strength (0.60 MPa) which corresponds 
to PLA/CH (2.5 wt.%)/CHS (2.5 wt.%) reinforcement. At  
10 wt.% fraction of chitin filler, the tensile strength decreased 
to 0.1MPa. However, chitosan reinforcement seems to have 
better properties compared to chitin. A  similar report was 
observed by [35] who electrospun a PLA scaffold coated with 
PVC (poly vinyl alcohol) and observed that the tensile strength 
of reinforced fibre mat was better than the neat PLA. The 
study attributed this to an increase in the tear resistance of the 
branched PVA fibres (i.e., web-like fibres, parallel PLA fibres 
bounded to each other by PVA fibres of different diameter) 

and fibre junctions. This report agrees with the findings of [32] 
where wood fibre was used to reinforce PLA. It was also noted 
that the tensile strength of the composite was reduced with the 
increase in the weight fraction of the wood fibre. Again, [17]  
electrospun a  PLA nano-composite fibre mat with hybrid 
graphene oxide and nano-hydroxyapatite reinforcement and 
obtained a maximum tensile strength of 0.57 MPa. However, 
the current study showed a  5% improvement in the tensile 
property of PLA (0.31 MPa) fibre mat composite.

3.7. Tensile energy at break

Materials used for internal body fixation should withstand 
long term loading, making it necessary to study the fibre ten-
sile energy at break (TEB). The convectional testing method 
for toughness cannot be used as it is not a bulk material. Thus, 
tensile energy at break (TEB) is used as an alternative [9]. 
Figure 8 shows the tensile energy at break of the fibre mat. 
Fibre composite PLA/CH (5 wt.%)/CHS (5 wt.%), PLA/CHS 
(5 wt.%) and PLA/CH (2.5 wt.%)/CHS (2.5 wt.%) proved to 
have a superior TEB compared with the neat PLA (0.036 J).  

Fibre mat PLA/CH (5 wt.%)/CHS (5 wt.%) has the highest 
TEB (0.111 J). Tensile energy at break is a measure of mate-
rial toughness. Wound dressing materials should be able to 
withstand long-term loading before failure, especially during 
the wound swelling phase. Thus, fibre mat PLA/CH (5 wt.%)/
CHS (5 wt.%) with the highest TEB is recommended for large 
surface wounds that tend to swell more during the swelling 
phase without compromising the property of the material. It 

Fig. 6. Fibre diameter of electrospun fibre
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was observed that the TEB is dependent on the weight per-
centage of the filler. Thus, 5 wt.% reinforcement shows a bet-
ter TEB and good tensile strength as described above.

3.8. Strain at maximum stress 

The fibre mats in Figure 9 did not show any definite pattern 
in relation to the weight fraction of the filler used. However, 
PLA/CH (5 wt.%)/CHS (5 wt.%), PLA/CHS (5 wt.%), PLA/
CHS (10 wt.%) and PLA/CH (2.5 wt.%)/CHS (2.5 wt.%), 
showed a better strain before the material yielded. Fibre mat 
with PLA/CH (5 wt.%)/CHS (5 wt.%), showed the maximum 
strain (0.18%), which is about a 199% improvement over the 
neat PLA fibre mat. Thus, this material is recommended for 
use when the affected part undergoes continuous movement 
and may exert strain on the material.

3.9. Water absorption capacity of PLA composite

Figure 10 shows the rate of water absorption of the electro-
spun samples at room temperature. 

Optimum water absorption capacity was obtained at 5 wt.% 
chitosan in PLA. The rate of water absorption was observed 
to be dependent on the percentage weight of the filler. How-
ever, as filler content increases, the water absorption capac-
ity decreases. This suggests that the composite pore spaces 
were more compacted as filler weight increases. Chitosan fill-
er showed better water absorption capacity when compared 
to chitin in the PLA composite matrix. This improvement 

by chitosan may be attributed to the formation of an amino 
group (-NH2) of the chitosan during deacetylation. Generally, 
the water absorption capacity of the composites was better 
than the neat PLA. It is shown by the work of [9], who earlier 
reported an improvement in water absorption capacity over 
neat PLA by reinforcing PLA with Bagasse. More importantly, 
the result reported here showed highest water absorption of 
~750%, which is superior to that reported by [17] in a study 
of electrospun polylactic acid nano-composite fibre mats 
with hybrid graphene oxide and nano-hydroxyapatite rein-
forcements (~210%).

3.10. Antimicrobial test

Figure 11 shows the total viable counts (TVCs) of the bacte-
ria exposed to composites, and unexposed bacteria. All the 
composites show an antibacterial effect against staphylococ-
cus aureus. 

The fibre mat with the composition PLA/CHS (5 wt.%) shows 
the highest antibacterial effect against staphylococcus aureus, 
with the highest number of reduction in the bacterial pop-
ulation (1.942∙108 CFU/ml). The results from this present 
study agrees with earlier works by [18] who fabricated a chi-
tosan-cellulose composite for wound dressing, and reported 
that chitosan can effectively kill gram positive staphylococcus 
aureus. At 5 wt.% reinforcement good performance against 
staphylococcus aureus was recorded. Surprisingly, the neat 
PLA to an extent showed some activity against this bacteri-
um, suggesting that unreinforced PLA has some measures 
of inherent antimicrobial property. The percentage reduc-
tion in the microbial population is 96.0, 99.0, 85.0, 27.0, 60.0 
and 70.0% for PLA/CH (2.5 wt.%)/CHS (2.5 wt.%), PLA/CHS  
(5 wt.%), PLA/CH (5 wt.%), Neat PLA, PLA/CH (5 wt.%)/
CHS (5 wt.%), PLA/CH (10 wt.%) respectively. Bacteriostatic 
and bactericidal are known to be very important in wound 
healing applications in preventing infection. The authors [42, 
43] showed that electrospun nanofibers combining the bio-
compatibility potential of PVA with 0.01% w/w keratin and 
the antibacterial property of mupirocin was effective in treat-
ing drug resistant wounds. Hence, the PLA/CHS developed 

Fig. 9. Strain at maximum stress
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scaffold can be used as a backbone for the development of 
antibacterial composites containing antibacterial agents that 
will enhance its antibacterial and bacteriostatic activity. This 
property was exhibited by chitin and chitosan reinforced PLA 
composites fibres, making them suitable as wound dressing 
materials to prevent wound colonization or severe infection. 
Figure 12 showed the population of staphylococcus bacteria 
exposed to composites, and unexposed bacteria. The bacte-
ria were exposed to the composites for 24 hours. Physical ex-
amination showed sizable number of reductions in the pop-
ulation growth proving that the composites were resistant 
against staphylococcus aureus development and growth.

4. CONCLUSION

An electrospun fibre (PLA/CH/CHS) mat with good morphol-
ogy suitable for surgical wound dressing was developed us-
ing 0.14 g/mL of PLA and fillers in a DCM solvent. The tensile 
strength of neat PLA (0.3MPa) was improved by 100%. The 

tensile strain of neat PLA (0.045%) was enhanced (199%) 
when reinforced with CHS (10 wt.%). The fibre mat has the 
requisite thermal stability required for wound dressing, 
(~185°C). The crystallinity of PLA (67.6%) declines by 3.8%, 
with PLA/CH (10 wt.%) with improvement in hydrophilicity 
of PLA as increase in water absorption capacity of the fibre  
mat occurred. Thus, the fibre mat produced is capable of ab-
sorbing exudate. The composite showed antibacterial resis-
tance against staphylococcus aureus (99.0% efficiency) exhib-
ited by PLA/CH (2.5 wt.%)/CHS (2.5 wt.%) fibre. This fibre 
mat is suitable for wound dressing to prevent wound infec-
tions and as useful backbone for the development of bioac-
tive wound dressings. 
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