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ABSTRACT  

Chitosan (CS) was investigated to improve the interfacial properties of the phosphate glass 

fibre/polycaprolactone (PGF/PCL) composites. Dilute acetic acid was used as the solvent for CS and 

its influence on mechanical properties of the fibres was analysed via single fibre tensile testing. The 

interfacial shear stress (IFSS) was analysed using a fragmentation test and the interaction between the 

sizing agent and the glass surface was analysed by XPS. TGA and SEM were also used to indicate the 

sizing performance. A dip-coating process in the CS-acetic acid solution was observed to increase the 

IFSS by 56% with insignificant (p > 0.05) fibre strength loss compared to the pure PGF control. The 

enhancement of IFSS after sizing was suggested to be attributed to the interaction between the 

protonated amine groups of the CS and the phosphate structure of the PGF. Then the sized fibres were 

rinsed in the acetic acid solution (2% v/v) to remove the extra agent on the fibre surface and the IFSS 

consequently increased by 78% of the control, but with a significant (p < 0.001) strength loss of 20%. 

This increase in IFSS was suggested to be due to the improvement of the interphase and load 

transmission between the matrix and fibres.  

 

1 INTRODUCTION  

Phosphate glass fibre (PGF) stands out as a reinforcing fibre due to its ability to dissolve 

completely in aqueous media, with tailorable durability via the addition of metal oxides [1-4], with 

sufficient mechanical strength for bone repair [5] and good body tolerance [6-8]. Much work so far has 

focused on PGF/polymer composites as a substitute of conventional metal alloy-based bone fracture 

fixation devices [5, 9, 10]. However, the application of these composites, such as PGF/PCL [2, 11], is 

limited by a rapid loss of strength after exposure to an aqueous physiological environment, which is 

suggested to be due to degradation of the fibre/matrix interface [12, 13]. Coupling agents have been 

studied to enhance the hydrolytic stability of this interface [14, 15].  

Chitosan (CS) is the second most abundant of the natural polysaccharides next to cellulose and it 

has generated enormous interest due to its biodegradability and biocompatibility [16, 17]. Moreover, 

the reactive functional groups (hydroxyls, acetamides and amines [18-20]) make CS outstanding in the 

bio-composite field, such as blending [21, 22], organic coupling agents [23, 24], nanocomposites [25] 

and reinforced collagen structures [18, 26]. However, to the author’s best knowledge, no study has 

been published on CS as a coupling agent to improve the interface of PGF/PCL composites. Not only 

the investigation of CS/PCL blends [27, 28], but also the production of CS/phosphate glass composites 

[26, 29] give evidence that CS has a good interaction with PCL and PGF and has the potential to be a 

successful coupling agent in PGF/PCL composites.  
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It was expected that CS would interact with PGF via hydrogen, P-O-C and/or N-P bonding. Acetic 

acid would be used as the solvent of CS [30], which might impact the mechanical properties of PGF. 

However, this impact could be controlled via sizing time and concentration. Additionally, the acid 

might roughen the PGF surface and physically enhance the interface of the composites. This study 

investigated the feasibility of CS as a coupling agent to enhance the interfacial properties of PGF/PCL 

composites, as well as the influence of immersion in the acetic acid solution. Mechanical properties of 

the sized and unsized fibres were measured. The interfacial shear stress (IFSS) was analysed using a 

single fibre fragmentation test. TGA was performed to quantify the amount of sizing agents present on 

the fibres and XPS analysis was conducted to investigate the interaction between CS and PGF. 

Morphologic examination was also performed via SEM to observe the sizing performance.  

 

2 MATERIALS AND METHODS   

2.1 Phosphate glass and fibre production  

Phosphate-based glass (45P2O5-5B2O3-5Na2O-24CaO-10MgO-11Fe2O3 in mol%) was prepared and 

its composition was confirmed by inductively coupled plasma mass spectrometry (ICP-MS, Thermo 

Scientific iCAP Qc, UK) [4]. Continuous fibres of 25 μm diameter were produced via a melt-draw 

spinning process using a dedicated in-house facility [31].  

 

2.2 Sizing application  

The sizing solution was was prepared by dissolving 0.3g CS powder (low Mw, DD > 80%, Sigma-

Aldrich, USA) into 100 mL 2% v/v acetic acid solution and stirring at room temperature using a 

magnetic stirrer (IKA, Germany) with a PTFE rotor until a transparent viscous solution was obtained. 

About 0.2 g PGFs of 100 mm long were then dip-coated in the solution as detailed in Table 1.  

Table 1: Details of sizing application processes. The unsized PGF was prepared as a control. The 

sample codes were also used for the corresponding single fibre composites (SFCs). 

Sample codes 
 

PGF PGF/CS-3R PGF/CS-3 

Acetic acid solution (2% v/v) [mL] - 100 100 

CS (low Mw, DD > 80%) [g] - 0.3 0.3 

Stirring [hour] - 2 2 

PGF dip-coating (pH 2.99, 24.0℃) [min] - 30 30 

PGF/CS dried at RT [hour] - 2 2 

PGF/CS rinsed by acetic acid 

solution (2% v/v) 
[min] - 30 - 

PGF/CS dried at 50 °C [hour] 24 24 24 

 

2.3 Single fibre tensile test (SFTT) 

The tensile properties of the fibres were obtained using a LEX 820 tensile tester (Diastron, UK), in 

accordance with ISO 11566 [31]. 30 samples were prepared at a gauge length of 25 mm for each 

treatment type. The crosshead speed of the machine was 0.017 mm s1 and the load cell capacity was 1 

N. PGFs are essentially brittle and Weibull distribution is an accepted statistical tool used to 

characterise the failure mode of brittle fibres [12]. In this study, Weibull parameters were obtained 

from the tensile strength data calculated using Minitab 17. 

 

2.4 Single fibre fragmentation test (SFFT)  

SFC specimens were produced by placing an axially aligned single fibre between two rectangular 

pieces of PCL film of 75 × 25 × 0.2 mm3 and hot pressing at 120 °C under 14 bar for 10 min. The 
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resulting specimens were cooled to room temperature and finally cut into dog-bone shapes. These 

were axially loaded in a MTS E45 tensile testing machine (USA) with a load cell of 1 kN and a 

crosshead speed of 1 mm min1 until obtained an axial extension of 25%. After having conducted the 

fragmentation, the specimens were placed under an optical microscope (NE 930, Nexcope, China) and 

the number of fibre fragments present in the 25mm gauge length were counted for the calculation of 

IFSS.  

The IFSS values were calculated using the Kelly-Tyson equation [12]:  

 
(1) 

where  is the IFSS, d is the fibre diameter, f is the single fibre tensile strength at the critical fragment 

length lc.  

 

(2) 

 
(3) 

 
(4) 

where σ0 and m are the Weibull scale and shape parameter respectively, for the fibre strength at gauge 

length l0, lf is the average fragment length and N is the number of fibre fragments obtained from 

optical microscopy [12].  

 

2.5 Scanning electron microscopy (SEM)  

Chopped fibres were fixed on the sample stage with conductive adhesive tape and then coated with 

gold using a Leica EM SCD 500 high vacuum sputter coater (Germany). The stage with sample was 

placed into a Zeiss Sigma/VP SEM (Germany).  

 

2.6 Thermogravimetry (TG) 

TG analysis was performed to quantify the amount of sizing agents present on the fibre surfaces. 

The analyses were conducted from room temperature to 1000 °C for CS powders and to 500 °C for 

sized and unsized fibres, using an SDT Q600 thermogravimetric analyser from TA instruments (USA) 

with a heating rate of 20 °C min1 in flowing nitrogen gas of 50 mL min1.  

 

2.7 X-ray photoelectron spectroscopy (XPS)   

X-ray photoelectron spectroscopy (XPS) analysis investigated the effectiveness of sizing agent 

application to the fibre surfaces. A Kratos Axis Ultra with a monochromated Al ka X-ray source 

(1486.6 eV) was operated at 8 mA emission current and 12 kV anode potential. For the XPS 

measurement, a small batch of fibres was mounted on a hollow steel bar using a conductive adhesive 

tape at two ends, while CS powders were adhered by the conductive tape on the steel bar. Drift of the 

electron binding energy of the peaks due to a surface charging effect was calibrated by utilising the C1s 

peak of the contamination (284.8 eV).  
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2.8 Statistical analysis 

Statistical analysis was performed using the IBM SPSS (version 22). A Student’s unpaired t-test 

was used to analyse the significance of difference between different samples, assuming equal variance 

and determining two-tailed p values.  

 

3 RESULTS 

3.1 Mechanical properties of fibres  

A significant tensile strength loss of 20.2% (p < 0.001) was found for the PGF/CS-3R fibres 

compared to the control (PGF), while an insignificant decrease (p > 0.05) of 7.5% was obtained from 

the control to the PGF/CS-3 fibres (see Figure 1). Table 2 represents the Weibull distribution of tensile 

strength. It was noted that the trend of normalising strength was consistent with that of mean tensile 

strength.  

 

Figure 1: Mechanical properties (tensile strength and modulus) of the fibres (n  30). 

Table 2: Weibull parameters of the fibres (n = 30). The tensile strength values are also included for the 

ease of comparison. 

Sample codes 
Tensile strength 

(MPa) 

Normalising strength 

(MPa) 
Weibull modulus 

PGF 565 ± 124 613 5.46 

PGF/CS-3R 451 ± 114 495 5.47 

PGF/CS-3 522 ± 104 565 5.27 

 

3.2 IFSS  

The fragmentation test showed a significant increase in IFSS after sizing (p < 0.001). The 

increments were 78.4% (4.38 MPa) and 56.0% (3.13 MPa) of the control for PGF/CS-3R and 

PGF/CS-3, respectively (see Figure 2Error! Reference source not found.). It was shown that the 

rinsing treatment increased the IFSS.  
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Figure 2: Interfacial shear stress (IFSS) values of the SFCs (n  10). 

3.3 SEM  

It can be seen in Figure 3a that the untreated PGF had a smooth surface. The roughened fibre 

surface after treatment indicated the presence of sizing agents (see images b and c). The difference in 

surface condition between images b and c represented the effect of the rinsing process, which removed 

major excess CS without any visible acid corrosion on the fibre surface.  

 

Figure 3: SEM images of (a) PGF, (b) PGF/CS-3R and (c) PGF/CS-3. 

3.4 TG  

The TG trace in Figure 4a shows a rapid weight loss at 310 °C for pure CS powder during heating 

under nitrogen. A weight loss was also observed for the sample PGF/CS-3 at 300 °C. However, no 

clear weight change was found for the pure PGF and the sample PGF/CS-3R.  

 

Figure 4: TG traces (weight percentage and derivative of weight percentage) of (a) CS powder and (b) 

sized and unsized PGFs. 

(a) (b) (c) 
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3.5 XPS  

High-resolution XPS spectroscopy was performed and the narrow scans of C1s, N1s, O1s, P2p and B1s 

are shown in Figure 5. In the narrow scans of CS powder, the C1s spectrum was deconvoluted into 

three peaks at 284.8, 286.3 and 287.8 eV binding energy; the N1s spectrum was deconvoluted into two 

peaks at 399.4 and 401.0 eV; and the O1s spectrum was deconvoluted into three peaks at 531.1, 532.6 

and 533.9 eV. In the narrow scans of unsized PGF, the P2p spectrum was deconvoluted into two peaks 

at 133.3 and 134.1 eV and the O1s spectrum was deconvoluted into two peaks at 530.9 and 532.1 eV.  

 

 

Figure 5: XPS C1s, N1s, O1s, and P2p narrow scans of CS powder and sized and unsized PGFs. 

 

4 DISCUSSION  

As shown in Figure 1, the dip-coating in the sizing solution led to an insignificant decrease (p > 

0.05) in tensile strength of the fibres, while the rinsing in the acetic acid solution resulted in a 

significant strength loss (p < 0.001) compared to the control, which was suggested to be due to the 

acid-catalyzed hydrolysis on the glass (overall the ‘rinsed’ fibres spent twice as long in the acid 

solution) [32-35].  

IFSS between the PCL matrix and PGF filament was observed to significantly increase (p < 0.001) 

after CS sizing. The rinsing process was employed to remove the extra agent on the fibre surface and 

consequently improved the interphase and load transmission between the matrix and fibres [12, 36]. 

No clear evidence of any significant increase in fibre roughness was obtained from the morphologic 

examination, e.g., no pitting corrosion was discovered on the surface of the rinsed fibres (see Figure 

3b).    
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Zawadzki et al. [37] performed TG analysis of CS from room temperature to 600 °C under a 

nitrogen atmosphere and they described the TG behavior of CS in three stages: (1) the removal of 

water below 100 °C, in which the water was physically adsorbed and/or weakly hydrogen-bonded to 

CS molecules; (2) the release of strongly hydrogen-bonded water starting above 100 °C and reaching 

the maximum rate at 168 °C and (3) the predominant weight loss at 230-400 °C caused by 

depolymerisation of CS chains, decomposition of pyranose rings through dehydration and deamination 

and finally ring-opening reaction [22, 38-40]. As can be seen, the TG trace of CS powder in Figure 4a 

shows a good agreement with the references. Moreover, the TG trace of PGF/CS-3 presented a distinct 

weight loss around 300 °C, while this phenomenon was not found for PGF/CS-3R, which was 

suggested that the rising treatment removed most of the sizing agents on the fibre surface. This is also 

consistent with the observation from SEM (see Figure 3). However, XPS shows that at least a small 

layer of the CS does remain on the fibre after rinsing. As shown in Figure 5, the C1s spectrum of CS 

was resolved into three peaks, which showed a good agreement with others’ work [41, 42]. The peak 

at 284.8 eV was assigned to C-C and C-NH2; the peak at 286.3 eV was assigned to C-O, C-OH and C-

N-C=O; and the peak at 287.8 eV was assigned to O-C-O and C=O-NHR [42, 43]. The C1s spectrum 

of PGF/CS-3 was observed to have a similar shape with that of CS, which indicated the presence of 

CS on the PGF surface. The peak around 284.8 eV with high intensity in the C1s spectrum of PGF/CS-

3R was attributed to the prominence of C-C bonding after the removal of extra CS agent on the fibre 

surface, which was suggested to indicate the bonding of the CS to the PGF surface through the oxygen 

functionalities. In addition, although the intensities of the carbon peaks changed, no distinct peak 

shifting was observed for all the peaks.  

The N1s spectrum of CS showed one main peak at 399.4 eV for amine and another small peak at 

401.0 eV for amide [41, 43-46]. The area of the former peak took 95% of the whole peak area. Lawrie 

et al. [46] have performed XPS for CS powders obtained from Sigma with a reported degree of 

deacetylation of 85%, which is quite similar to the material used in this paper. They focused on the 

spectrum of N1s and identified it as one main signal at 399.4 eV with another negligible signal at 400.5 

eV, corresponding to amine and amide, respectively. They subsequently characterised the acid treated 

CS film and detected one more signal at 401.4 eV, which was assigned to the protonated amine. As 

shown in Figure 5, a peak for the protonation of amino groups was also detected at 401.6 eV for 

PGF/CS-3 [43] and the area of NH3+ peak took 40% of the whole peak areas. After removal of extra 

sizing agents by the rinsing process, the area of NH3+ peak increased to 65% (see the N1s spectrum of 

PGF/CS-3R in Figure 5).  

The O1s spectrum of CS was resolved into one main peak at 532.6 eV and two weak peaks at 531.1 

and 533.9 eV. The peak with high intensity at 532.6 eV was assigned to C-O-C, O-H or bound water, 

and the weak peaks at 531.5 and 533.9 eV were assigned to C=O in amide groups and O-C-O in 

pyranose ring, respectively [41, 43-46]. The O1s spectrum of PGF was deconvoluted into two peaks, 

which were seen at 530.9 and 532.1 eV binding energy for non-bridging (NBO) and bridging (BO) 

phosphate oxygen, respectively [47]. Majjane et al. [48], Salim et al. [49] and Haque et al. [12] have 

used XPS to investigate phosphate glass in the systems of P2O5-BaO-V2O5, P2O5-Fe2O3-V2O5 and 

P2O5-MgO-CaO-Na2O-Fe2O3, respectively. All of them found a broad peak at 531.0 eV in O1s spectra 

and attributed this peak to the combination of BO and NBO. As shown in Figure 5, the highest 

intensity of O1s peak for PGF/CS-3 was found at 532.6 eV binding energy, which was attributed to the 

CS agent; while the highest intensity of O1s peak for PGF/CS-3R appeared around 531.9 eV, which 

was attributed to the overlapping of PGF and CS spectra. However, it is not possible to differentiate 

between the BO and NBO of the phosphate glass and the C-O-C and C=O bonds within the sizing 

agents, as both have absorption peaks over similar ranges of binding energy.  

The P2p spectrum of PGF was composed of the P2p3/2/P2p1/2 doublet and fitted with an energy 

difference of 1.1 eV and an approximate area ratio of 2:1. The peak of P2p3/2 at 133.6 eV was attributed 

to pentavalent tetra coordinated phosphorus (pyrophosphate and orthophosphate) surrounded by a 

different chemical environment (phosphate-like structure) and the peak of P2p1/2 at 134.7 eV was 

attributed to metaphosphate [48, 50, 51]. The spectrum of PGF/CS-3R was resolved into two peaks at 

133.7 and 134.8 eV with an approximate area ratio of 2:1, while the spectrum of PGF/CS-3 was 
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resolved into two peaks at 133.5 and 134.6 eV with an approximate area ratio of 2.6:1. A shift of 

binding energy was observed for P2p after the process of sizing and rinsing. Combining the varying 

binding energy of N1s, it was suggested that there was an electronic interaction between the protonated 

amine and the PGF surface [52]. However, it was difficult for a deeper analysis of the interaction due 

to the overlapping of binding energies in the O1s spectra of CS and PGF.  

Positively charged amine groups (NH3+) are generated via protonation when CS is dissolved in 

weak acid solution [53], which allows for pH-dependent electrostatic interactions between CS and any 

negatively charged species in a manner similar to amino silane [24, 54, 55]. In this case, the 

protonation of amino groups has been demonstrated by XPS. Therefore, the charged CS has the 

possibility of interacting with the [PO4] group of the PGF. Huang et al. [23] added glycerol-phosphate 

to the CS-acetic acid solution and found the interaction caused by the electrostatic attractions via NH3+ 

and P-OH groups between CS and glycerol-phosphate. Chenite et al. [56] summarised that the 

combination of CS and polyol-phosphate salts can form hydrogen bonding, electrostatic interactions 

and hydrophobic interactions in acetic acid solution. Due to the structural similarity with polyol-

phosphate [34, 57], PGF has the possibility to occur the similar interactions with CS. Amaral et al. 

[43] investigated the phosphorylation of CS using XPS and also assigned the signal at 401.4 eV in the 

N1s spectrum to amino groups in ammonium form [58]. They proposed that the phosphate groups and 

protonated amine groups were likely to form salt linkages with inter- or intra-chain ionic bonds [59]. 

Zhang et al. reinforced a CS scaffold with P2O5-CaO invert glass and suggested that the chemical 

attraction between CS and the glass might take place due to the high surface charge density of CS [29]. 

Furthermore, the hydroxyl functional groups in CS have the potential to react with the glass through 

the hydroxyl groups present on PGF surface [34, 60]. The interactions described above are believed to 

improve IFSS and as a result, infer better load transfer from the matrix to fibres [34].  

 

5 CONCLUSIONS 

TGA and SEM indicated the presence of CS agent on the PGF surface. CS was shown to be able to 

improve the fibre/matrix interface of PGF/PCL composites by 56%. The post-treatment cleaning step 

enhanced the IFSS but incurred a tensile strength loss of 20% for the sized fibres. The XPS analysis 

suggested that the enhancement of the interfacial property was due to the interaction between the 

protonated amine groups of the CS and the phosphate structure of the PGF.  
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