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Abstract 15 

Fully bioresorbable phosphate based glass fibre reinforced polycaprolactone (PCL/PGF) 16 

composites are potentially excellent candidates to address current issues experienced with use of 17 

metal implants for hard tissue repair, such as stress shielding effects. It is therefore essential to 18 

investigate these materials under representative loading cases and to understand their fatigue 19 

behaviour (wet and dry) in order to predict their lifetime in service and their likely mechanisms of 20 

failure. This paper investigated the dry and wet flexural fatigue behaviour of PCL/PGF composites 21 

with 35% and 50% fibre volume fraction (Vf). Significantly longer flexural fatigue life (p<0.0001) and 22 

superior fatigue damage resistance were observed for In-situ Polymerised (ISP) composites as 23 

compared to the Laminate Stacking (LS) composites in both dry and wet conditions, indicating that 24 

the ISP promoted considerably stronger interfacial bonding than the LS. Immersion in fluid (wet) 25 

during the flexural fatigue tests resulted in significant reduction (p<0.0001) in the composites fatigue 26 

life, earlier onset of fatigue damage and faster damage propagation. Regardless of testing 27 

conditions, increasing fibre content led to shorter fatigue life for the PCL/PGF composites. 28 

Meanwhile, immersion in degradation media caused softening of both LS and ISP composites 29 

during the fatigue tests, which led to a more ductile failure mode. Among all the composites that 30 

were investigated, ISP35 (35% Vf) composites maintained at least 50% of their initial stiffness at the 31 

end of fatigue tests in both conditions, which is comparable to the flexural properties of human 32 

cortical bones. Consequently, ISP composites with 35% Vf maintained at least 50% of its flexural 33 

properties after the fatigue failure, which the mechanical retentions were well matched with the 34 

properties of human cortical bones. 35 

Keywords: A. Glass fibre, B. Fatigue, C. Damage mechanics, D. Life prediction, In-situ 36 

polymerisation 37 
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1. Introduction 43 

In recent decades, fully bioresorbable polymer composites with appropriate biocompatibility 44 

and mechanical properties has provided an exciting opportunity to replace conventional 45 

metal alloy implants, and it has become an active research field because of its excellent 46 

potential in the field of hard tissue repair [1, 2]. Bioresorbable fibre reinforced composites 47 

have been extensively studied utilising different glass fibre compositions, polymer matrices, 48 

fibre architectures and volume fractions. Their mechanical properties range between 200-49 

700 MPa flexural strength and 15-25 GPa flexural modulus [3-9].  50 

Polycaprolactone (PCL)/Phosphate based glass fibre (PGF) composites have been 51 

investigated for developing fully bioresorbable implants [10-13]. PGFs have the ability to 52 

fully dissolve within aqueous media and with adjustable degradation rate [10]. Both PGF 53 

and PCL have also been proven to have good biocompatibility and are considered 54 

favourable materials for biomedical application [3, 4, 14]. However, achieving satisfactory 55 

fibre-matrix interface adhesion and retention, thus appropriate composite mechanical 56 

properties for bone fracture fixation has been the main restriction [3, 5, 6, 15]. Studies have 57 

recognised the weak fibre-matrix interface is mainly due to poor fibre impregnation, which 58 

can result from the high viscosity of the melted matrix involved in traditional laminate 59 

stacking (LS) and hot press moulding [5, 13, 16]. To promote a more durable fibre-matrix 60 

interface, a novel in-situ polymerisation (ISP) technique has been developed to 61 

manufacture PCL/PGF composites in the group [16, 17]. There is solid evidence that 62 

suggested that ISP can promote a significantly stronger and more robust fibre-matrix 63 

interface than LS, with accordingly higher mechanical properties and prolonged retention of 64 

properties during degradation [13, 16-19]. Furthermore, the biocompatibility of the ISP PCL 65 

was investigated via Alamar blue assay using osteoblasts derived from human craniofacial 66 

bone cells. The results indicated that ISP PCL was highly biocompatible, and the residual 67 

monomer (Measured by Nuclear Magnetic Resonance) did not significantly affect the 68 

biocompatibility of the composites [19]. 69 

The flexural fatigue properties are of vital importance for bone fracture fixation implant 70 

applications. The main application for the PCL/PGF composites is as bone fracture fixation 71 

devices and has initially focused on bone repair plates, for which the primary loading would 72 
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be in flexure mode and as such was the focus for this study [20-22]. Typical time required 73 

for bone fracture healing is 8-12 weeks, where the composites will be subject to dynamic 74 

body fluid and constant body temperature [20, 21, 23]. The majority of previous studies on 75 

fibre reinforced composites have indicated that elevated humidity and temperature 76 

generally severely shortened their fatigue life [24-27]. Composites fatigue behaviour is a 77 

complex phenomenon, which is generally studied by crack initiation, crack multiplication 78 

and final failure [28-30]. Damage mechanisms in flexural fatigue of fibre reinforced 79 

composites, in general, involve matrix cracking, fibre breakage and interface failure [31, 32]. 80 

The diffusion and growth of composites fatigue damage resulting from crack bridging and/or 81 

fibre/matrix de-bonding is governed by the behaviour of fibre/matrix interaction [31, 33-35]. 82 

The diffuse damage growth often results in a gradual decrease of the composite’s stiffness 83 

with growing loading cycles, which is coupled with a significant increase in the composite’s 84 

material damping [36]. The damping mechanisms of fibre reinforced composites are 85 

governed mainly by thermo-elastic damping, Coulomb friction damping of the fibre-matrix 86 

interface, energy dissipation at cracking/delamination and the viscoelastic nature of the 87 

fibre and matrix material [37, 38]. Both stiffness evolution and material damping are often 88 

used as sensitive indicators to study the damage mechanisms of composites [39-43]. Shah 89 

[44] systematically studied the stiffness evolution of plant fibre reinforced composites 90 

subjected to tensile fatigue loading, where stiffness profiles were used to investigate 91 

composite damage initiation and accumulation. Gassan [38] investigated the fatigue 92 

behaviour of natural fibre (flax and jute) reinforced polymer composites using specific 93 

damping capacity (SDC) as a sensitive indicator for monitoring the behaviour of material 94 

damage.  95 

Despite the extensive studies on the mechanical performance of implant biomaterials, their 96 

time-dependent fatigue behaviour is still poorly understood. Fatigue properties are of 97 

paramount importance for their intended application where components are subjected to 98 

various loading and environmental parameters, which vary with time over the period of 99 

service. The target properties of the composites were within the properties reported for 100 

human cortical bone, i.e. 5-23 GPa and 35-280 MPa for flexural modulus and strength 101 

respectively [45]. There are several studies of fatigue behaviour for metal alloy and bone 102 

cement composite implant biomaterials, which well pointed out the significance of fatigue 103 

strength and life in the design and use of implant devices [46]. However, up to the best of 104 
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the authors knowledge, cyclic fatigue response of the fully resorbable composites has not 105 

been explored yet. 106 

In this study, PCL/PGF composites with Vf of 35% and 50% were produced using LS and 107 

ISP techniques. Environmental flexural fatigue tests were performed on these composites 108 

in both dry conditions at ambient temperature and in wet conditions immersed in phosphate 109 

buffered saline (PBS) solution at 37 °C. The wet conditions were intended to mimic the 110 

physiological nature of the human body. Both stiffness reduction and SDC were used as 111 

sensitive indicators to monitor the damage initiation of the composites during cyclic loading. 112 

The influences of solution immersion, fibre content and fibre-matrix adhesion on the 113 

performance of the PCL/PGF composites were investigated by comparing their fatigue 114 

behaviour. 115 

2. Materials and Methods 116 

2.1. Materials 117 

Monomer ɛ-caprolactone (97% purity), Sn(Oct)2 (92.5%-100% purity) and benzyl alcohol 118 

(99.8% purity) were obtained from Sigma Aldrich (UK). PCL pallets were also obtained from 119 

Sigma Aldrich (UK) and with a molecular weight (Mw) of ~65,000 g/mol. 120 

2.2. Phosphate based glass and glass fibre 121 

Phosphate based salts were used to produce fully bioresorbable phosphate glass (Sigma 122 

Aldrich, see Table 1 for detailed glass formulation). A specific salt mixing and melting 123 

scheme was used to produce the phosphate based glass. PGFs were made using in-house 124 

designed melt-draw equipment comprised of a furnace (Lenton Furnaces, UK) with a Pt/10% 125 

Rh crucible (Johnson Matthey, UK). Phosphate glass and glass fibre mats were stored in a 126 

desiccator to minimise any potential moisture adsorption. The fibre mats were then dried in 127 

a 50 °C vacuum oven for 24 hours before use. For the detailed manufacturing process and 128 

parameters, please refer to the authors’ previous paper [13]. 129 

2.3. PCL/PGF composites 130 

Composites with 35% and 50% fibre volume fraction (Vf) were manufactured via both ISP 131 

and LS. Respective composite codes and specifications are listed in Table 2. 132 

2.3.1. Laminate stacking (LS) technique 133 

PCL thin films were manufactured and PGF mats were stacked with the thin films to hot 134 

compress into composites. Detailed processes can be found in the authors’ previous paper 135 
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[13]. The composite plate was made into test specimens with dimensions of 40mm × 15mm 136 

× 2mm by a band saw.  137 

2.3.2. In-situ polymerisation (ISP) technique 138 

PTFE moulds with two injection ports were designed and used to produce PCL/PGF 139 

composites in one single step. ɛ-caprolactone was degassed via a freeze-thaw-pump 140 

process to minimise the moisture content within the solution. Reaction mixture of ɛ-141 

caprolactone with pre-determined amount of catalyst and initiator was injected into the 142 

mould cavity and PCL was polymerised directly around the PGF mats. Ring opening 143 

polymerisation was utilised for PCL polymerisation during the ISP process. Detailed mould 144 

design and explanation of the in-situ process can be found in author’s previous paper [13]. 145 

Resulting composite plates were cut into dimensions of 40mm × 15mm × 2mm using a 146 

band saw. 147 

2.4. Flexural testing 148 

2.4.1. Monotonic loading 149 

Monotonic 3-point bending tests were conducted on a Bose ElectroForce® Series II 3330 150 

testing machine. The testing machine is equipped with an environmental chamber, which 151 

enables tests within liquid at various temperatures (See Figure 1). BS EN ISO 14125:1998 152 

was followed for all tests. Sample dimensions of 40mm × 15mm × 2mm, a cross-head 153 

speed of 1 mm/min and a 3 kN load cell was used. Tests were carried out in triplicate (n=3). 154 

Composites were tested in two environments: at ambient temperature and in dry conditions 155 

(Dry Environment) and at 37 °C submerged in PBS solution (Wet Environment). The 156 

samples were immersed in PBS heated to 37°C for 5 minutes to allow PBS and testing 157 

temperature equilibrate prior to testing. Displacement/deflection loads were measured via 158 

the testing machine, for which the stress and strain were calculated according to the 159 

equations stated in BS EN ISO 14125:1998 as below: 160 

�� =	 3��2	ℎ� 															(1) 

� = 	6�ℎ�� 																				(2) 

Where ɛ is the strain, �� is the stress, s is the measured displacement, F is the measured 161 

load, b is the sample width, h is the sample thickness and L is the sample span length. 162 
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2.4.2. Cyclic loading 163 

Flexural fatigue tests (Load-controlled) were conducted on a Bose ElectroForce® Series II 164 

3330 testing machine. Figure 2 presents a sample load waveform (5 Hz) applied during the 165 

fatigue tests (Specific fatigue terms and R-values defined). In accordance with BS ISO 166 

13003:2003, at least 5 samples were examined to failure at six stress levels for the 167 

determination of the composites’ stress-lifetime diagrams. All the composites were tested in 168 

3-point bending mode (Bending-bending condition) with a stress ratio of R = 0.1. 169 

Calculations for flexural stress and strain were performed according to BS EN ISO 170 

14125:1998. Shear effects were taken into consideration for the stress and strain 171 

calculations since the defection of the specimens during the fatigue tests was relatively 172 

large. 173 

When the measured deflection was less than 10% of the sample span length, the flexural 174 

stress and strain were calculated via equation 1 and 2. When the measured deflection was 175 

larger than 10% of the sample span length, equation 3 and 4 below were used: 176 

�� =	 3��2	ℎ� �1 + 6 �
�
��

�
− 3��ℎ����																			(3) 

� = 	ℎ� �6
�
� − 24.37 �

�
��

�
+ 62.17 ����

�
�																			(4) 

Where �� is the flexural stress, ɛ is the strain, s is the beam mid-point deflection, F is the 177 

load, L is the span length, h is the thickness of the specimen and b is the width of the 178 

specimen. 179 

Fatigue tests were performed in both dry and wet testing conditions. Testing the dry 180 

composites at room temperature was known as the dry testing condition and wet testing 181 

condition referred to testing the submersed composites in PBS solution and at 37 °C. A KTJ 182 

TA318 thermometer & hygrometer was used to measure the temperature and relative 183 

humidity of the dry testing conditions, which were in the range of 15 °C - 22 °C and 44% - 184 

53% respectively. Stress levels for all fatigue tests were 80%, 70%, 60%, 50%, 40% and 30% 185 

of the corresponding Ultimate Flexural Strength (UFS) for each type of composite.  186 

Figure 3 showed an example of the stress strain variation of a composite sample during 187 

fatigue testing. The loading cycles plotted were selected as 1 out of every 1000 loading 188 

cycles and each loop in Figure 3 represents a full loading cycle. Flexural stiffness of the 189 
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composite can be calculated from each loading cycle and the variation in their strain can 190 

also be recorded. 191 

2.5. Fatigue data analysis 192 

2.5.1. Stress-Life (S-N) diagram 193 

As illustrated in Figure 4, a typical Wohler Stress-Life (S-N) diagram [31] is plotted as stress 194 

amplitude (σa) against number of fatigue cycles to failure (Nf) (See Figure 4). S-N curves 195 

are normally fitted with a power regression relationship, named Basquin’s equation 196 

(Equation 5) [31].  197 

                                                  � = � �!                                                                  (5) 198 

Where � is a generic term describing cyclic stress (in this case σa, see Figure 2), Nf is a 199 

generic term describing fatigue life (in this case cycles to failure) and a & b are material 200 

constants specific to each material. The constant ‘b’ is used as an important parameter in 201 

this study to indicate the sensitivity of the fatigue life to the applied stress. The value of ‘b’ 202 

represents the slope of the SN curve, thus the decline rate of fatigue strength. 203 

2.5.2. Specific Damping Capacity (SDC) 204 

To study and monitor the progress of composite damage during the fatigue tests, SDC was 205 

used as a sensitive indicator throughout this study. As damage progresses, the composite 206 

specimens show reductions in strength and modulus as well as a significant increase in 207 

their own damping [38, 47]. Changes in material damping capacity can be observed as a 208 

function of the stress levels during the fatigue tests [48]. An example is illustrated 209 

graphically in Figure 5. 210 

In this paper, SDC was measured to determine the critical applied stress (CAS) for damage 211 

initiation of both the LS and ISP composites within 104 fatigue loading cycles. This cycle 212 

number (104) was chosen since it is the general divider between low and high cycle fatigue 213 

behaviour [31]. A similar method was used by Gassan et. al to measure the CAS values for 214 

studying fatigue damage behaviour of fibre reinforced composites [38]. The CAS is an 215 

important factor for load bearing applications, such as fracture fixation devices, as it sets 216 

the limitations of the composite loading capacity under cyclic loading conditions. Any 217 

applied cyclic stress higher than the measured CAS would imply material damage within 218 

104 loading cycles. 219 
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In order to obtain SDC values for the composites, a fatigue test is performed using constant 220 

values of stress level, R and frequency (R=0.1, 5 Hz) for a defined number of load cycles 221 

(104 cycles in this case). Fresh LS and ISP composites (non-degraded) were used for the 222 

SDC study. Subsequently, the fatigue test was repeated for the same number of load 223 

cycles at a higher stress levels. This continued until the specimen failed. A minimum of n=5 224 

samples were tested for each category of composites. Tests were carried out in both dry 225 

and wet testing conditions, using the stress levels specified in 2.4.2. The value of SDC was 226 

then calculated using Equation 6 [38, 49]: 227 

"�#$ = ∆&/& = (&( − &)/&                    (6) 228 

Where U is the maximum strain energy stored by the specimen during one loading cycle, 229 

∆& is the energy dissipated only by the specimen during one loading cycle (such as friction 230 

damping caused by de-bonding, crack and delamination) and UI is the input energy from 231 

the system to the specimen during one cycle. Strain energy was calculated by integrating 232 

the area within the loading loop (See Figure 3 shaded area) at a defined number of load 233 

cycles. Input energy was calculated by integrating the loading and displacement history 234 

from the testing machine. 235 

2.6.  Scanning Electron Microscopy (SEM) 236 

SEM was performed on freeze-fractured specimens after testing to study the matrix/fibre 237 

interface and failure mode. 10 keV Voltage was applied with secondary electron mode. 238 

Platinum was sputter-coated on all composites samples before imaging. 239 

2.7. Burn off test 240 

Actual fibre volume fractions of both LS and ISP composites were determined by burn off 241 

tests. BS EN ISO 2782-10 was applied for all burn off tests. Table 3 reports all results (n=5). 242 

2.8. Statistical analysis 243 

Data were presented in tables and figures as mean ± standard deviation. Microsoft Excel 244 

was used to analyse the data and a student’s unpaired t-test was performed to determine 245 

the statistical significance as below: statistically insignificant (p>0.05), statistically significant 246 

(p<0.05), very statistically significant (p<0.01) and extremely statistically significant 247 

(p<0.0001). 248 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

9 | P a g e  

 

3. Results 249 

3.1.  Composites fibre content and quasi-static flexural properties 250 

Table 3 below shows the fibre volume fractions, quasi-static flexural strength and modulus 251 

for all the LS and ISP composites tested in both dry and wet testing conditions. 252 

3.2.  S-N diagrams 253 

Figure 6 shows the variation of the fatigue life for each of the composites tested versus 254 

increasing stress levels in both dry and wet testing conditions. A good fit can be seen from 255 

the Basquin’s equation (Equation 5) to the experimental data, with R2-value > 0.9 for all 256 

regressions. Table 4 shows the values of ‘b’ obtained from curve fitting the experimental 257 

fatigue data using the Basquin’s equation.   258 

A gradual decrease in fatigue life with increasing stress levels was observed for all 259 

composites, as expected. It was also observed that the 35% Vf composites showed a 260 

significantly longer fatigue life (p<0.01) than their equivalent 50% Vf composites (See 261 

Figures 6a and 6b). In dry conditions at the same stress level, D-LS35 and D-ISP35 262 

showed ~29% and ~34% longer fatigue life respectively, when compared to D-LS50 and D-263 

ISP50. However, in wet conditions, the W-LS35 and W-ISP35 showed ~20% and ~23% 264 

longer fatigue life than W-LS50 and W-ISP50. 265 

Comparing Figures 6a and 6b, immersion in PBS solution at 37 °C substantially decreased 266 

the fatigue life for both ISP and LS composites. At the same stress level, the dry D-LS35 267 

and D-LS50 samples showed approximately 10 times longer fatigue life than the wet W-268 

LS35 and W-LS50 samples respectively. For example, D-LS35 exhibited ~3 million cycles 269 

to failure at 30% UFS stress level, whilst the wet W-LS35samples lasted only ~50,000 270 

cycles. Similarly, D-ISP35 and D-ISP50 exhibited approximately 9 times longer fatigue life 271 

than W-ISP35 and W-ISP50 (i.e. ~4 million and ~230,000 cycles to failure for D-ISP35 and 272 

W-ISP35 respectively at 30% UFS stress level). 273 

Regardless of the testing conditions, the ISP composites demonstrated a substantially 274 

longer fatigue life (p<0.0001) than the LS composites of equivalent Vf. When tested in a dry 275 

environment and at the same stress level, the D-ISP35 and D-ISP50 showed ~25% and 276 

~19% longer fatigue life than D-LS35 and D-LS50 respectively (See Figure 6a). Similarly, in 277 

wet conditions, the W-ISP35 and W-ISP50 exhibited ~85% and ~74% longer fatigue life 278 

than W-LS35 and W-LS50 (See Figure 6b). 279 
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3.3. Failure strain variation  280 

Figures 7a and 7b show the variation of failure strain versus the stress levels tested. The 281 

vertical dotted line represents the threshold stress level at which the failure strains increase 282 

significantly (p<0.01). The LS composites showed significantly lower failure strain profiles 283 

(p<0.01) than ISP composites in both dry and wet conditions. By comparing ISP and LS 284 

composites (identical Vf) in dry conditions (See Figure 7a), no significant difference (p>0.01) 285 

was found in the increase rate of failure strain with increasing stress levels. However, in wet 286 

conditions, the W-ISP50 samples showed a significantly faster increase rates of failure 287 

strain than the W-LS50 (See Figure 7b). 288 

When tested in the same conditions, both LS and ISP composites with 50% Vf showed 289 

significantly lower (p<0.01) failure strain values in comparison to composites with 35% Vf 290 

for all stress levels. Figures 7a and 7b, also showed that the LS and ISP composites had 291 

significantly higher failure strain value profiles (p<0.01) in dry conditions compared to wet 292 

conditions. When tested dry, the failure strain value of D-LS35 and D-LS50 started to 293 

increase at 50% UFS stress level, while 60% UFS stress level (See the dotted vertical line 294 

in Figure 7) was observed for D-ISP35 and D-ISP50. However, in wet conditions, the 295 

increase was observed from 40% UFS stress level for all LS and ISP composites.   296 

3.4. Stiffness evolution 297 

The stiffness evolution profiles are presented in Figures 8a and 8b below, which show 298 

gradual decline of the composites’ stiffness during their fatigue life at a specific stress level 299 

(40% of UFS). The initial stiffness Ef was determined from the first loading cycle and the 300 

residual stiffness, E at n cycles of the loading loop (See Figure 3). 301 

Substantial differences were observed when comparing the stiffness at failure, following the 302 

trend of D-ISP35 > D-LS35 > D-ISP50 > D-LS50 > W-ISP35 > W-LS35 > W-ISP50 > W-303 

LS50 for all stress levels investigated. For example, at 40% UFS stress level, D-ISP35 304 

exhibited ~60% stiffness at failure whilst W-LS50 demonstrated ~30% residual stiffness at 305 

failure. 306 

Comparing Figures 8a and 8b, the ISP composites revealed significantly higher stiffness 307 

profiles (p<0.01) than the LS composites through their entire fatigue life. Moreover, 308 

composites with 35% Vf showed considerably higher stiffness profiles throughout the 309 

fatigue life and slower stiffness reduction rates than composites with 50% Vf in the same 310 

testing condition. The change from dry to wet condition resulted in significantly lower 311 
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stiffness profiles (p<0.01) and faster stiffness reduction rates (p<0.01) for all the LS and ISP 312 

composites. 313 

According to Figure 8a, there was a distinct increase in stiffness at the beginning of the 314 

composites fatigue life in dry conditions. Meanwhile, in wet conditions, the stiffness profiles 315 

showed a gradual decline from the beginning of the fatigue life (See Figure 8b). Moreover, 316 

in dry testing conditions, it was found that with tests performed at stress levels over 50% of 317 

respective UFS, no initial increase was seen and a gradual decline from the beginning of 318 

the fatigue tests was also observed (See inset graph of Figure 8a).  319 

3.5. Specific Damping Capacity (SDC) 320 

Figure 9 shows the variation of SDC versus increasing maximum applied stress for both LS 321 

and ISP composites tested in dry and wet conditions. The critical applied stress (CAS) for 322 

damage initiation of the composites was estimated as the stress where SDC starts to 323 

increase significantly (p<0.01) and they are indicated by arrows in Figure 9 [38].  324 

Table 5 showed the CAS values for all composites tested. Regardless of the testing 325 

environment, significantly higher CAS (p<0.01) values can be seen for ISP composites than 326 

for the LS composites. Moreover, with the same manufacturing method and in dry 327 

conditions, composites with 35% Vf showed significant higher CAS (p<0.01) than 328 

composites with 50% Vf. Meanwhile, 50% composites showed lower CAS values than 35% 329 

composites in wet conditions. In dry conditions (Figure 9a), only D-LS50 had significantly 330 

higher SDC profile (p<0.01) against increasing applied stress than other composites. 331 

However, in wet conditions (Figure 9b), both W-LS35 and W-LS50 showed distinctly higher 332 

SDC profiles (p<0.01) than W-ISP35 and W-ISP50 respectively. By comparing Figures 9a 333 

and 9b, the CAS values for W-LS35, W-LS50, W-ISP35 and W-ISP50 were ~30%, ~41%, 334 

~41% and ~49% lower than D-LS35, D-LS50, D-ISP35 and D-ISP50 respectively. 335 

3.6. SEM Analysis 336 

Figure 10 compared the cross sections of the composite fracture surfaces between LS and 337 

ISP composites tested within both dry and wet conditions. Clear polymer rich zones and 338 

fibre pull-outs were seen from the SEM micrographs of LS35 and LS50 (Figure 10a, 10e 339 

and Figure 10c, 10g). Meanwhile, clean fibre fractures with no visible polymer rich zones 340 

were observed from the SEM micrographs of ISP35 and ISP50 (Figure 10b, 10f and Figure 341 

10d, 10h). 342 
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Figure 11 displayed the typical fatigue failure modes of the LS and ISP composites tests in 343 

both dry and wet conditions. In dry conditions, LS composites showed compressive 344 

delamination and interlaminar shear fracture failure modes (Figure 11a and 10b), whilst ISP 345 

composites showed clean centre fracture (Figure 11c). In wet conditions, the LS 346 

composites showed softening behaviour with interlaminar shear fracture failure mode 347 

(Figure 11d and 11e), whilst the ISP composites showed fibre sliding behaviour with centre 348 

fracture failure mode (Figure 11f).  349 

4. Discussions 350 

This study investigated the cyclic flexural fatigue performance of PCL/PGF composites (Vf 351 

of 35% and 50%) produced via LS and ISP processes. Environmental conditions were 352 

evaluated by performing tests in dry (room temperature) and in wet conditions (immersed in 353 

PBS at 37 °C). Fatigue behaviour of the composites was characterised via the classic S-N 354 

diagrams, stiffness degradation profiles and specific damping capacity (SDC). 355 

Table 3 summarises the quasi-static flexural properties of the LS and ISP composites in 356 

both dry and wet conditions. Testing the samples in wet conditions revealed significant 357 

reductions in both the stiffness and strength of the composites, compared to the dry tested 358 

samples. Several studies have been conducted on similar PGF composites, which 359 

investigated quasi-static mechanical properties in dry and wet conditions. They also 360 

reported a distinct decrease in flexural strength and modulus for samples tested in quasi-361 

static wet conditions, and suggested this was due to media attack disrupting the fibre matrix 362 

interface and plasticisation [3, 5, 13, 50]. However, the ISP composites revealed 363 

considerably higher flexural properties compared to the LS composites in both dry and wet 364 

conditions. A previous study [13] revealed that a stronger and more robust fibre/matrix 365 

interface was promoted by the ISP process as compared to LS, which inhibited PBS media 366 

attack and revealed a significant increase in the composite flexural properties (by ~45%).  367 

Factors influencing the fatigue behaviour were characterised taking into consideration three 368 

key factors as discussed below. 369 

4.1. Influence of fibre-matrix interface 370 

The S-N diagrams produced revealed the fatigue life profiles with increasing testing stress 371 

for all the LS and ISP composites tested (See Figure 6). It was immediately apparent that 372 

the ISP composites demonstrated a significantly longer fatigue life (p<0.0001) than the LS 373 

composites at each stress level in both dry and wet conditions. This major increase in 374 
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fatigue life was attributed to sturdier interfacial bonding achieved by the ISP manufacturing 375 

process. De-bonding of the fibre/matrix interface (especially ductile matrices, such as PCL) 376 

is widely considered to be the main governing factor of crack propagation, which can lead 377 

to fatigue failure of fibre reinforced composites [31, 51, 52]. Weak interfacial properties can 378 

allow de-bonding and friction sliding between fibre and matrix to occur readily upon crack 379 

propagation, which can lead to matrix cracks (In this case delamination, see Figures 11a 380 

and 11b) without major fibre fractures [33, 53]. Conversely, a stronger fibre/matrix interface 381 

could inhibit interfacial sliding and lead to direct fibre fractures along with cracks in the 382 

matrix, without inducing significant de-bonding of the fibre/matrix interface (see Figure 11c) 383 

[33, 51, 53]. This difference in behaviour was apparent when comparing ISP and LS 384 

composites, as illustrated by the failure cross sections in Figure 10.  LS composites showed 385 

significant fibre pull-out and ISP composites had clear fibre fractures, which demonstrated 386 

that a stronger fibre/matrix interface for the ISP samples had been achieved. Several 387 

studies have investigated the effects of the fibre/matrix interface on the fatigue behaviour of 388 

glass or carbon fibre reinforced composites. The studies  applied coupling agents on fibre 389 

surfaces to promote stronger interfacial bonding with the polymer matrices and 390 

consequently significantly longer fatigue lives (ranging from 5% - 20%) were achieved [38, 391 

47, 52, 54]. It should be noted that improvements in fibre/matrix interfacial properties in this 392 

study were achieved via the ISP manufacturing process alone, and without the use of 393 

coupling or sizing agents. This suggests that the ISP process can promote strong interfacial 394 

bonding of fibre reinforced composites and has huge potential to further improve the 395 

mechanical properties with use of appropriate coupling agents [16]. 396 

The variation in specific damping capacity (SDC) was applied in this study to monitor the 397 

anisotropic composites’ critical applied stress (CAS) for damage initiation during fatigue 398 

loading. Figures 9a and 9b both indicated that the ISP composites retained distinctly higher 399 

(p<0.01) normalised critical load for damage initiation than the LS composites at equivalent 400 

Vf, indicating that the fatigue damage initiation of the composites was postponed by the ISP 401 

technique. This suggested that the improvement of interfacial strength led to higher critical 402 

applied loads (60% - 70% under dry conditions and 20%-30% under wet conditions) for the 403 

on-set of progressive composite fatigue damage. Similar behaviour was also reported by 404 

Gassan et al. [38] on investigations of tension-tension fatigue of natural fibre reinforced 405 

composites (made by resin transfer moulding), where 10%-30% increase in values of 406 

Critical Applied Load (CAL) for damage initiation were achieved via application of alkaline 407 
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and saline coupling agents. Flexural fatigue studies conducted on unidirectional (UD) glass 408 

fibre reinforced epoxy composites, revealed that a stronger fibre-matrix interface via 409 

treatment using a commercial saline coupling agent delayed the matrix cracking, thus 410 

increasing the fatigue life of the UD composites by ~20% [55, 56].  411 

It was also observed that the LS composites had significantly lower failure strain (p<0.05) 412 

than the ISP composites (Equivalent Vf), which exhibited that the ISP composites could 413 

sustain increased plastic deformation and damage than their LS counterparts before fatigue 414 

failure (See Figure 7). Similar findings were reported for unidirectional glass fibre 415 

composites, for which failure strain increased with improved fibre/matrix interfacial 416 

properties by applying saline coupling agents [55]. From Figures 7a and 7b, a sudden 417 

increase in the failure strain was observed for both LS and ISP composites, where the 418 

critical stress levels for the onset of the failure strain increase were found to be identical to 419 

the critical loading levels in SDC (60% and 50% of UFS for D-ISP35/50 and D-LS35/50 420 

respectively, 40% for all composites in wet conditions). This relationship between SDC and 421 

failure strain for the PCL/PGF composites provided strong evidence that the critical 422 

stresses for onset of significant fatigue damage observed in this study correlated well and 423 

should be taken into consideration. 424 

4.2. Influence of fluid immersion 425 

It was also observed that the wet testing conditions led to a significant decrease (p<0.0001) 426 

in the fatigue life of the PCL/PGF composites, with a 10 and 9-fold reduction observed in LS 427 

and ISP composites respectively (See Figure 6). Deterioration of the fatigue strength in wet 428 

conditions was also noted as the slopes of the SN diagram became significantly steeper 429 

from dry to wet conditions (represented by coefficient ‘b’, in Table 4). Fluids, such as water 430 

and PBS solution, are able to diffuse into the composites and weaken both the matrix and 431 

the fibre/matrix interface [57]. Our previous study [13] showed that the fibre/matrix interface 432 

plasticisation for both ISP and LS composites occurred readily at 37 °C in PBS. 433 

Degradation of PGFs at or near the PGF fibre/matrix interface within PBS solution can 434 

further influence the fibre/matrix bonding leading to reduction of composite mechanical 435 

properties. Degradation of the fibre/matrix interface is known to increase the damage 436 

accumulation rate under cyclic fatigue loading, hence significantly reducing fatigue life [57, 437 

58]. Similar reductions in fatigue life were also reported by several studies on glass and 438 

carbon fibre reinforced composites and degradation of fibre/matrix interface was stated as 439 

the main cause [57, 59-61]. Liao et al. [59] investigated flexural fatigue on vinyl ester/E-440 
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glass composites in water and NaCl solutions at ambient temperature. They observed 441 

significant reductions in fatigue life at low stresses in both media. McBagonluri et al. [60] 442 

also investigated UD pultruded E-glass/vinyl ester composites subjected to flexural 443 

environmental fatigue tests performed in a fluid cell with salt water at 65 °C. They reported 444 

that fatigue life was considerably reduced (~55%) due to fluid immersion. Furthermore, a 445 

flexural fatigue study conducted by Sumsion et al. [62] on UD graphite/epoxy composites in 446 

water and air at ambient temperature, revealed a significant decrease in fatigue life (~47%) 447 

which was suggested to be caused by water attack of the fibre/matrix interface. 448 

It was further observed that at high testing stress levels (70% & 80% of UFS), there were 449 

no vast differences in the composites’ fatigue life between dry and wet testing conditions 450 

(See Figure 6). A significant difference only began to emerge when the composites were 451 

tested at lower stress levels (30%~60% of UFS). This behaviour suggested that damage 452 

accumulation progressed slower at lower stress levels for LS and ISP composites. 453 

Meanwhile, higher stress levels resulted in stress-dependent fatigue behaviour resulting in 454 

faster damage accumulation. This behaviour was also reported by Liao et al. [59] 455 

investigating fatigue behaviour of E-glass/vinyl ester composites, which showed that the 456 

composites fatigue life was stress-dominated at higher stress levels. 457 

It was evident from Figure 8a that, in the dry environment, an initial increase in stiffness at 458 

the early stage of the composites’ fatigue life (~5% of Nf) had occurred, before the gradual 459 

decline to failure. One possible explanation was due to the presence of voids and void 460 

tunnels inside the composites, which had perhaps closed due to the applied cyclic loading, 461 

making the composites more compact and stiffer. This explanation was supported by the 462 

fact that the LS composites showed a larger increase in stiffness than the ISP composites 463 

(See Figure 8a), and it was previously reported that LS composites generally possessed 464 

higher void content than their ISP counterparts [13]. However, it is very difficult to observe 465 

or measure this behaviour during the fatigue tests, which distinctive proves of the voids 466 

collapsing were not found.  467 

Another possible explanation for this observation could be due to reorientation of any 468 

initially off-axis fibre filaments. During the fibre manufacture, the initial fibres collected on 469 

the fibre winding drum were sprayed with PCL solution (Mixed with Chloroform) to maintain 470 

alignment. However, the removal of PCL coated fibre from the drum and the insertion into 471 

the composite manufacturing moulds could have caused some fibres to become miss-472 
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aligned. Furthermore, since the phosphate glass fibre mat was bound with PCL prior to 473 

moulding, the high temperature and pressure during LS and ISP composites manufacture 474 

could have induces a level of off-axis fibre filaments, which could have potentially become 475 

unidirectionally reoriented during the fatigue cyclic loading, consequently leading to the 476 

initial increase in stiffness observed. Similar behaviour was observed in natural fibre 477 

reinforced polyester composites, in which the fibrils of the plant fibre reoriented during 478 

tensile fatigue tests and initially increased the composite stiffness [44, 63]. In addition, 479 

Betanzos et. al [15] applied cyclic pressure during the compression moulding stage of PGF 480 

reinforced polylactic acid (PLA) composites, where the composites showed significantly 481 

lower void levels, stronger matrix/fibre interfacial bonding, more uniform fibre alignment and 482 

an increase in flexural modulus. It must be noted that the initial stiffness increase was not 483 

expected and is rarely observed, further investigations into this cause will be required. 484 

However, Figure 8b showed that the stiffness increase diminished in wet conditions, 485 

replaced by a significant decrease in stiffness from the beginning of the fatigue tests. The 486 

same change in stiffness variation was also observed when composites were tested at 487 

higher stress levels (> 50% UFS) in dry conditions. Both variations can be explained by the 488 

earlier onset and faster progress of fatigue damage caused by media attack and increased 489 

testing stresses. With the fibre/matrix de-bonding and/or fibre fractures occurring inside the 490 

composites, the effects of voids and void channels closing and/or fibre filament 491 

reorientation were insignificant. Moreover, fibre/matrix interface failure occurs readily near 492 

the void sites, which could considerably reduce the chances of voids closing due to cyclic 493 

loading [64, 65]. 494 

The wet environment also had a clear effect on the PCL/PGF composites’ fatigue failure 495 

modes. Figure 11 showed that the dominant failure mode in the dry condition was 496 

compressive delamination and interlaminar shear fracture for the LS composites, whilst ISP 497 

composites showed a clean centre fracture. Immersion in PBS at 37 °C led to a distinctly 498 

more ductile behaviour (composite softening) for ISP and LS composites, which resulted 499 

from significant weakening of the fibre matrix interfaces. Figure 11f even showed the fibres 500 

sliding out sideways as the loading cycles continued, indicating loss of the fibre/matrix 501 

interface had occurred. Comparing Figures 7a and 7b, the overall strain to failure was 502 

significantly increased (p<0.01) by the introduction of PBS for both ISP and LS composites, 503 

which correlated well with the change from brittle to more ductile dominated failure mode. 504 

This suggested that considerably more plastic deformation and fatigue damage had 505 
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occurred in wet conditions. The immersion in PBS solution also led to lower critical applied 506 

load (See Table 5), which indicated that earlier onset of progressive fatigue damage had 507 

occurred for the wet composites.  508 

4.3. Influence of fibre content 509 

It is well known that the mechanical properties of fibre reinforced composites can be 510 

adjusted by varying their fibre volume fraction (Vf). The behaviour of fibre reinforced 511 

composites under cyclic loading is also significantly affected by fibre content [66, 67]. In dry 512 

conditions, the quasi-static data in Table 3 showed that the UFS increased with increasing 513 

Vf for both LS and ISP composites. Meanwhile, in wet conditions, the UFS decreased with 514 

increasing Vf for both LS and ISP composites. As mentioned earlier, the reduction in UFS 515 

was mainly caused by plasticisation due to PBS ingress along the fibres disrupting the fibre 516 

matrix interface, which severely reduced interfacial strength, and hence the reduction in 517 

UFS was seen. With increasing fibre content, there was much greater fibre/matrix interfacial 518 

area, hence the reduction of UFS was found to be more substantial in the higher volume 519 

fraction composites. 520 

Regardless of the testing conditions, it can be seen from Figures 6a and 6b that the 521 

composites’ fatigue life decreased significantly (p<0.01) with increasing fibre content for 522 

both LS and ISP composites. Many studies have reported that composite fatigue resistance 523 

had a tendency to deteriorate with increasing fibre volume fraction [68-70]. There are three 524 

main reasons responsible for this reduction: (i) increased fibre-fibre interactions, (ii) 525 

increased fibre/matrix interfaces and (iii) increased regions with high local Vf resulting from 526 

increased fibre bundle compaction. Although it is widely recognized that enhancement of 527 

composite mechanical properties result from effective stress transfer through fibre/matrix 528 

interfaces, it must also be noted that the fibre/matrix interface is also the region subject to 529 

the largest stress/strain variation [31]. Thus, micro-cracks mostly tend to initiate and grow 530 

from the interfaces [31]. Comparing Figures 10a and 10c to 10b and 10d, it was evident that 531 

PGFs were significantly more compacted with much more fibres close to or touching each 532 

other in the 50% Vf composites than in the 35% Vf composites. This resulted in higher 533 

stress/strain gradients at the interface and hence accelerated crack propagation, reducing 534 

fatigue life. 535 

In dry conditions, both LS and ISP composites demonstrated a higher critical loading value 536 

for damage initiation with increasing fibre content (See Table 5). However, in wet conditions, 537 
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a lower critical loading value was noted with increasing fibre content for both of the LS and 538 

ISP composites (See Table 5). This suggested that increasing fibre content could lead to 539 

lower stress thresholds for onset of composite fatigue failure in wet conditions. On the other 540 

hand, no significant difference (p>0.05) was found in the degradation rate of composites 541 

fatigue strength (b coefficient) between 35% and 50% Vf composites when the same 542 

manufacturing technique was applied (see Table 4). This indicated that the degradation rate 543 

of fatigue strength could be independent on fibre content for PCL/PGF LS and ISP 544 

composites. This behaviour also suggested that increasing fibre content didn’t have a 545 

significant effect on the rate of fatigue damage accumulation. Similar behaviour of 546 

composites was also described by Shah et al. [71] where no significant variation in 547 

degradation rate of fatigue strength was noted due to varying fibre content for natural fibre 548 

composites.  549 

This paper reports for the first time the cyclic fatigue behaviour of fully bioresorbable 550 

PCL/PGF composites. Studies demonstrated that ISP composites had a significantly longer 551 

flexural fatigue life (p<0.0001) and superior fatigue damage resistance in comparison to 552 

their LS counterparts. The presence of media (PBS in this case) substantially reduced the 553 

performance of the PCL/PGF composites in both fatigue life and damage resistance. 554 

Increasing fibre content (from 35% to 50%) also resulted in reduced fatigue life, but no 555 

significant difference was observed for the degradation of composite fatigue strength and 556 

damage accumulation behaviours.  Amongst all the composites investigated, the ISP35 557 

samples showed a minimum fatigue life of 105 and 106 cycles up to 50% test stress levels in 558 

dry and wet conditions respectively (See Figure 6). The ISP35 also maintained at least 50% 559 

of its initial stiffness and strength (~6.5 GPa; ~ 85 MPa) at the end of the fatigue tests in 560 

both dry and wet conditions (See Figure 8), which was comparable to the flexural properties 561 

of human cortical bone (5 – 23 GPa; 35-280 MPa) [53]. Therefore, it can be advised that 562 

the fatigue life and the degradation profile of fatigue strength observed for ISP35 563 

composites were well matched with human cortical bones, suggesting their potential 564 

suitability for bone fracture fixation applications.  565 

5. Conclusions 566 

Wet and dry fatigue behaviour of PCL/PGF composites (ISP and LS) was investigated in 567 

this paper. Significantly longer flexural fatigue life (p<0.0001) and superior fatigue damage 568 

resistance were observed for ISP composites than LS composites in both dry and wet 569 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 | P a g e  

 

conditions, which indicated that the ISP process promoted considerably stronger interfacial 570 

bonding than the LS processes. Immersion in PBS during the flexural fatigue tests resulted 571 

in significant reduction (p<0.0001) of the composites fatigue life, earlier onset of fatigue 572 

damage and faster damage propagation. This was attributed to interface plasticisation 573 

(fibre/matrix) caused by PBS diffusion, which resulted in severely weakened interfacial 574 

strength, thus adversely affecting both the quasi-static and fatigue performances of the 575 

PCL/PGF composites. Regardless of testing conditions, increasing fibre content (from 35% 576 

to 50%) resulted in shorter fatigue life for the PCL/PGF composites. However, the 577 

degradation rate of fatigue strength and damage accumulation rate were not significantly 578 

affected by increasing fibre content. Interlaminar shear fracture and clean centre fracture 579 

were observed as the dominant failure modes for LS and ISP composites respectively in 580 

the dry condition. Meanwhile, media immersion resulted in both LS and ISP composites 581 

being softened during the fatigue tests, which led to a more ductile failure mode.  582 

In conclusion, this paper demonstrated for the first time the flexural cyclic fatigue behaviour 583 

of fully bioresorbable ISP and LS PCL/PGF composites. ISP35 maintained at least 50% of 584 

its flexural strength and modulus after the fatigue tests, which was well within the range of 585 

the mechanical properties of the human cortical bones. 586 
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Table 1: Phosphate glass code and formulation 

Glass code P2O5 
content 
(mol%) 

CaO 
content 
(mol%) 

Na2O 
content 
(mol%) 

MgO 
content 
(mol%) 

Fe2O3 
content 
(mol%) 

Drying 
temp/time 

(°C/h) 

Melting 
temp/time 

(°C/h) 

P45Fe5 45 16 10 24 5 350/0.5 1100/1.5 

 

 

Table 2: PCL/PGF composites codes (D/W refers to dry or wet testing conditions) 

Manufacture 
technique 

Composites codes Fibre 
Orientation 

Laminate Stacking 
(LS) 

(D/W)-LS35 
Unidirectional 

(UD) 
(D/W)-LS50 

In-situ Polymerisation 
(ISP) 

(D/W)-ISP35 
(D/W)-ISP50 

 

 

Table 3. Quasi-static flexural properties for all composite specimens 

Composites 
Code 

Actual Vf 
(%) 

Ultimate 
Flexural 
Strength 

(UFS) 
(MPa) 

Flexural 
Stiffness 

(Ef) 
(GPa) 

Composites 
Code 

Actual Vf 
(%) 

Ultimate 
Flexural 
Strength 

(UFS) 
(MPa) 

Flexural 
Stiffness 

(Ef) 
(GPa) 

D-LS35 34 ± 1 126 ± 2 9.1 ± 0.7 D-ISP35 36 ± 1 172 ± 3 14.4 ± 0.6 
W-LS35 32 ± 1 110 ± 3 6.2 ± 0.3 W-ISP35 35 ± 1 141 ± 2 13.0 ± 0.2 
D-LS50 51 ± 1 143 ± 2 12.7 ± 0.4 D-ISP50 49 ± 2 210 ± 3 18.6 ± 0.4 
W-LS50 50 ± 1 105 ± 1 6.3 ± 0.3 W-ISP50 50 ± 1 123 ± 1 12.4 ± 0.4 

 

 

Table 4. Values of ‘b’ from S-N curve fitting for LS and ISP composites 

Sample 
Code D-LS35 D-LS50 W-LS35 W-LS50 D-ISP35 D-ISP50 W-ISP35 W-ISP50 

b -0.089 -0.071 -0.497 -0.661 -0.101 -0.131 -0.241 -0.244 
 

 

Table 5. Values of Critical Applied Stress (CAS) for LS and ISP composites 

Sample 
Code D-LS35 D-LS50 D-

ISP35 D-ISP50 W-LS35 W-LS50 W-
ISP35 

W-
ISP50 

CAS (MPa) 63 71 103 126 44 42 56 49 
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Figure 1. Bose ElectroForce® Series II 3330 testing machine equipped with environmental chamber 

 

 

 

Figure 2. Example of sinusoidal constant amplitude load waveforms with term definition and R value 
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Figure 3. Example of stress strain variation during the flexural fatigue tests (the negative sign only indicated 
the direction as downwards) 

 

 

 

Figure 4. Typical S-N diagram with example data 
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Figure 5. Example of Specific Flexural Damping Capacity vs. Applied Maximum Stress for dry LS35 
composites  
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Figure 6. S-N diagram of PCL/PGF composites in dry and wet environments plotted in power-law regression 
scale (points on the y-axis indicate the monotonic flexural strength of the composites): (a) Comparison of 

composites made by LS and ISP in dry environment; (b) Comparison of composites made by LS and ISP in 
wet environment. The circles represent 35% Vf whereas the squared points are representative of 50% Vf 

samples. 
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Figure 7. Strain at fatigue failure (‘-’ as downwards) against testing stress levels: (a) LS and ISP composites 
tested dry; (b) LS and ISP composites tested wet; Error bars fall within the dimension of the markers. Vertical 
dotted line presents threshold stress level that the failure strains increase significantly, other dotted lines are 

given as guides to the eyes 
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Figure 8. Normalised stiffness against normalised cycle number for composites tested at 40% of UFS in: (a) 
Dry Environment, inset graph for dry composites tested at 60% of UFS; (b) Wet Environment; Error bars fall 

within the dimension of the markers 
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Figure 9. Specific flexural damping capacity verses applied maximum load for LS and ISP composites:  
(a) in dry conditions; (b) in wet conditions; Arrows point to the CAS values of the composites. The dotted 

lines are given as guides to the eye 
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Figure 10. SEM cross section images of the composites fatigue fracture surfaces: (a) D -LS35; (b) D -ISP35; 
(c) D -LS50; (d) D -ISP50; (e) W -LS35; (f) W -ISP35; (g) W -LS50; (h) W -ISP50 

 

 

 

Figure 11. Images taken of LS and ISP composites’ after end of fatigue testing cycles: (a) compressive 
delamination was observed (see red circle); (b) interlaminar shear fracture (see red circle); (c) centre fracture 

where load was applied; (d) softening of sample observed from wet testing; (e) softening and interlaminar 
shear fracture observed (see red circle); (f) fibre protrusions were also observed post testing (see red circles) 

and centre fracture were load was applied. 


