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Fracture Properties and Toughening Mechanisms of Biodegradable 
Poly(L-lactic acid)/Poly(ε-caprolactone) Polymer Blend 

Mitsugu Todo* 

Research Institute for Applied Mechanics, Kyushu University, Kasuga, Fukuoka 816-8580, Japan 
Abstract: PLLA/PCL polymer blends with different PCL contents were fabricated to examine the effect of PCL content 
on the bending mechanical properties of the blend. Three-point bending tests of beam specimens 5 mm thick were 
performed at both quasi-static and impact loading-rates, and then bending mechanical properties such as bending 
modulus, strength and fracture absorbed energy were evaluated. It was found that the modulus and strength decreased 
as PCL content increased, while the fracture absorbed energy tended to increase with increase of PCL content and was 
optimized with 15% PCL. Scanning electron microscopy of fracture surfaces and polarizing optical microscopy of tensile 
damage regions were also carried out to investigate the fracture mechanism of PLLA/PCL blend. It was found that the 
primary mechanisms involved in the bending fracture of PLLA/PCL blend were initiation of dense craze-like damage and 
following ductile deformation of the matrix. The model I fracture properties of PLLA/PCL were also evaluated and 
compared with those of pure PLLA. It was found that the fracture properties were dramatically improved by PCL blending 
and the primary toughening mechanisms were the aggregation formation of craze-like micro-damages in the process-
zone with rough formation of fracture surface. 
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1. INTRODUCTION 

A biodegradable aliphatic polyester poly(L-lactic 
acid) (PLLA) having higher L-lactide content in the 
polymeric group of poly(lactic acid) (PLA) have 
successfully been used as bone fixation devices in 
orthopedic and oral surgeries because of its 
absorbability and non-toxicity after degradation [1-5]. 
However, fracture problems of such PLLA implants 
have often been reported, and therefore, it is important 
to characterize the fracture behavior of PLLA and 
furthermore, it is an essential issue to improve its 
fracture resistance. The author’s research group has 
extensively been studied the fracture properties and 
mechanism of PLLA, and characterized the effects of 
microstructure on the macroscopic fracture properties 
[6-9].  

On the other hand, it is well-known that one of the 
effective ways to improve the fracture properties of a 
brittle polymer is physical blending with a ductile 
polymer [10]. Poly(ε-caprolactone) (PCL) is another 
degradable aliphatic polyester which is also 
bioabsorbable and biocompatible and in rubbery state 
at room temperature with Tg around -60˚C. Physical 
blending of PLA with PCL was firstly investigated by 
Tsuji and Ikada [11,12], and they showed that a 
PLLA/PCL blend with PCL content of 25wt% has much 
larger fracture strain with small reduction of strength  
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than PLLA. Since then, many works have been 
conducted to understand the microstructures and 
mechanical properties of PLA/PCL blends [13-24]. For 
example, nanoparticles were mixed with PLA/PCL to 
improve the mechanical properties [18,19,23]. Most of 
these works were, however, conducted using thin film 
samples fabricated by solution-cast blending, although 
plates of about 2mm thick are usually used for 
bioabsorbable bone fixation devices. It is therefore 
important to understand the fracture behavior of such 
thick samples of polymer blends.  

The aim of the present study is to characterize the 
fracture properties and the fracture mechanisms of 
thick plate samples of PLLA/PCL blends. A 
conventional melt mixing technique was utilized to 
obtain blends of PLLA and PCL, and a hot-press was 
used to fabricate thick plate specimens. Mechanical 
bending properties were then evaluated by three-point 
bending tests under static and impact loadings, and 
effects of PCL content on the bending mechanical 
properties were examined. Fracture micromechanism 
was also investigated by polarizing optical microscopy 
and field emission scanning electron microscopy, and 
correlated with the macroscopic bending fracture 
properties. 

2. EXPERIMENTAL 

2.1. Materials and Specimens 

PLLA pellets were provided from Shimadzu Co., 
Ltd. The weight average molecular weight Mw, the 
glass transition temperature Tg and the melting point 
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Tm of the pellets are 200,000gmol-1, 60.7ºC and 
172.6ºC, respectively. PCL pellets were provided by 
Daicel Chemistries Ltd. Mw, Tg and Tm are 70,000gmol-
1, -40ºC and 60ºC, respectively. PLLA and PCL pellets 
were blended using a conventional melt mixing 
machine for one hour at 180˚C and at a rotor speed of 
100 rpm. The mixing ratios chosen were 
PLLA/PCL=95/5, 90/10, 85/15 and 80/20 in weight 
fraction. These blends are simply denoted, for 
example, as PLLA/PCL5 where 5 is the PCL content 
thereafter. Pellets of PLLA/PCL blends were prepared 
from the mixture, and plates of 60 x 60 x 5 mm3 were 
fabricated from these pellets using a hot-press at 
180˚C under 30MPa. Beam specimens of 60 x 10 x 5 
mm3 were then processed from these plates. Neat 
PLLA specimens were also fabricated for comparison. 
Single-edge-notched beam (SENB) specimens were 
prepared from some of these beam specimens by 
introducing notches by machining. The geometries of 
the three-point bending and the single-edge-notched-
bend (SENB) specimens are shown in Figure 1. 

 

 
Figure 1: Microstructure of PLLA/PCL15. 

2.2. Measurements of Bending Mechanical and 
Mode I Fracture Properties 

Quasi-static three-point bending tests were 
performed using the three-point bending specimen 
(Figure 1a) to evaluate bending mechanical properties 
at a loading-rate of 10mm/min using a servohydraulic 
testing machine. The span length was 50mm. Load-

displacement (P-δ) curves were recorded using a 
digital recorder. Bending modulus, E, and bending 
strength, σf, and fracture absorbed energy, Uf, were 
then evaluated using the following formulas: 

E = L3

4DH 3 S            (1) 

! f =
3PmaxL
2DH 2            (2) 

U f =
1
A0

Pd!
0

! f"            (3) 

where L is the span length, and D and H are the width 
and thickness of the specimen, respectively. S is the 
initial slope of load-displacement curve. Pmax is the 
maximum load. A0 is the initial cross-sectional area, 
and δf the displacement at fracture. 

Impact three-point bending tests were also carried 
out using the same specimen shown in Figure 1a to 
obtain impact bending properties at a loading-rate of 
1m/s using an instrumented drop weight testing 
system. In this system, load is measured by piezo-
electric load-cell attached to the loading dart, and 
loading-point displacement is directly measured with 
use of a dynamic displacement measuring apparatus 
consisting of optical fiber, laser, position sensing 
detector and operation amplifier [10-12]. The impact 
testing system is schematically shown in Figure 2. 
Bending modulus, strength and fracture absorbed 
energy were then estimated using eqs. (1)-(3) from the 
load-displacement curves obtained. 

 
Figure 2: Schematic of drop weight impact testing system. 

Mode I fracture properties, the critical stress 
intensity factor KIC and the critical energy release rate 
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GIC were also evaluated using the SENB specimen 
shown in Figure 1b for neat PLLA and PLLA/PCL15 
blend using the following formula: 

KIC = f PC
B W

           (4) 

GIC = UC

BW!
           (5) 

where PC and is Uc are the critical load and the critical 
energy, respectively. B and W are the thickness and 
the width of the SENB specimens, respectively, and f 
and φ are the geometrical correction factors given by 
functions of a/W where a is the initial crack length. 

2.3. Microscopy 

Thin samples were prepared from PLLA and 
PLLA/PCL15 specimens for polarizing optical 
microscopy (POM) of damage formation. For the beam 
and SENB specimens, applied load was stopped at 
maximum, and thin samples of the damaged regions 
were prepared using the thin sectioning technique [13]. 
Scanning electron microscopy (SEM) of fracture 
surfaces created under quasi-static and impact 
loadings was also performed using a field emission 
scanning electron microscope to assess the effect of 
loading rate on fracture surface morphology. 

3. RESULTS AND DISCUSSION 

3.1. Bending Mechanical Properties 

Load-displacement curves obtained at the quasi-
static rate of 10mm/min are shown in Figure 3. PLLA 
and PLLA/PCL5 exhibited sudden decrease of load just 

after the peak point of load corresponding to brittle 
fracture behavior; on the contrary, the other PLLA/PCL 
blends showed ductile fracture behavior with slow 
decrease of load after the peaks, suggesting that the 
fracture behavior is changed from brittle to ductile 
manner with increase of PCL content. It is noted that 
the reduction rate of load in PLLA/PCL15 after 
maximum was the slowest of the three blends, 
suggesting its fracture energy dissipated by damage 
formation may be the largest. The detail of the 
mechanism of the slowest reduction rate of 
PLLA/PCL15 is discussed in the following section. 

Static bending properties are shown as a function of 
PCL content in Figure 4. Bending modulus and 
strength decreased as PCL content increased due to 
lower modulus and strength of PCL than PLLA. 
However, fracture absorbed energy exhibited a 
different behavior and was maximized at 15wt%, 
suggesting that structural optimization was achieved at 
this blend ratio. 

Impact fracture properties of only PLLA/PCL15 were 
measured and compared with those of neat PLLA 
because the static fracture absorbed energy of the 
blend was the highest as shown in Figure 4c. Results 
of such comparison are shown in Figure 5. For both 
PLLA and PLLA/PCL15, the impact modulus was little 
higher than the static one. The impact strength of PLLA 
was slightly higher than the static one; on the other 
hand, the impact strength of PLLA/PCL15 is 30% 
higher than the static one. As a result, the difference of 
the impact strength between PLLA and PLLA/PCL15 
became smaller. The impact absorbed energy of 
PLLA/PCL15 was 2 times higher than that of PLLA. 
Thus, the fracture absorbed energy of PLLA under 
static and impact bending can be improved by blending 
PCL and is optimized with 15wt% PCL. 

3.2. Bending Failure Mechanism 

POM micrographs of the tensile-stress regions of 
the three-point bending specimens are shown in Figure 
6. For the neat PLLA, many straight crazes are 
observed in the direction parallel to the loading 
direction and also perpendicular to the tensile direction. 
These crazes are transformed to cracks when the 
molecule bundles connecting the surfaces of the 
crazes are broken off and then brittle fracture occurs, 
corresponding to the sudden drop appeared on the 
load-displacement curve shown in Figure 3. On the 
contrary, PLLA/PCL15 exhibits dense curved craze-like 
damages and the damages seem to cross each other. 
This type of damage may not be easily transformed to 

 
Figure 3: Static load-displacement curves. 
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Figure 4: Effects of PCL content on static bending properties. 

a crack and prevent brittle fracture. Therefore, larger 
energy is dissipated during such damage formation 
than the combined failure of crazing and brittle crack 
propagation in neat PLLA. The fracture surfaces of four 
different blends obtained at the static loading rate are 
compared in Figure 7. It is clearly seen that the ductility 
of the surface was most significant in PLLA/PCL15 with 
elongated fibrils. The other surfaces indicated relatively 
smooth morphology compared to PLLA/PCL15. It is 
therefore thought that the generation of such ductile 
fibril structures resulted in the slowest reduction rate of 
load-displacement curve shown in Figure 3. SEM 
micrographs of bending fracture surfaces of PLLA and 
PLLA/PCL15 are shown in Figure 8. It is obviously 
seen that PLLA showed smooth fracture surfaces 
corresponding to low fracture absorbed energy shown 
in Figure 5c. On the other hand, PLLA/PCL15 showed 
very ductile fracture surface with elongated fibrils under 
static loading and the surface became relatively flat 

and smooth under impact loading but still rougher than 
the fracture surfaces of PLLA. These fracture surface 
morphology well corresponds to Figure 5c in which the 
impact energy of PLLA/PCL15 was much lower than 
the static energy and still higher than the impact energy 
of PLLA.  

Failure mechanism of PLLA/PCL15 under bending 
load condition is discussed on the basis of Figure 9 in 
detail. The fracture of a PLLA/PCL15 bend specimen is 
initiated by formation of a crack in the tensile stress 
region as shown in Figure 9a. In this region, as tensile 
stress increases, the stress concentration in the 
surroundings of a PCL spherulite also increases and 
then, a void is formed due to the interfacial failure at 
the PCL-PLLA interface as shown in Figure 9b. A 
colsence of the voids becomes a craze-like damage as 
shown in Figure 9c. The craze-like damage finally 
grows up to the crack accompanied by scission of the 
PLLA fibrils.  
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Figure 5: Comparison of PLLA and PLLA/PCL15 on static and impact properties. 

 

 

 
Figure 6: Damage formations in tensile-stress regions under three-point bending. 
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Figure 7: SEM micrographs of bending fracture surfaces. 

 

 

 
Figure 8: Comparison of bending fracture surfaces of PLLA and PLLA/PCL15. 
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Figure 9: Micro-damage formation in PLLA/PCL15 under three-point bending. 

3.3. Mode I Fracture Properties 

Typical load-displacement curves obtained from 
mode I fracture tests are shown in Figure 10. The 
maximum load of PLLA is slightly higher than 
PLLA/PCL15 but the corresponding displacement is 
much lower. PLLA shows sudden decrease of load 
after the maximum load indicating rapid crack grown 
behavior; on the contrary, PLLA/PCL15 shows slowly 
decreasing load corresponding to slow crack growth 
behavior. Mode I fracture properties, KIC and GIC, are 
shown in Figure 11. KIC of PLLA/PCL15 is slightly 
smaller than that of PLLA, while GIC of the blend is 
about twice as much as that of PLLA. This indicates 
that fracture energy can be improved by blending PCL 
with PLLA; however, stress-based fracture criterion 
tends to decrease due to the blending. 

 
Figure 10: Load-displacement curves obtained from mode I 
fracture tests. 
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Figure 11: Mode I fracture properties. 

3.4. Mode I Fracture Mechanism 

POM micrographs of the damage formation in the 
crack-tip regions, so called ‘process-zone’, are shown 
in Figure 12. Multiple craze formation is observed in 
PLLA, while a cloud of fine damages are formed in 
PLLA/PCL15. SEM micrographs of the damages in the 
process-zone are shown in Figure 13. It is clearly seen 
that the damages formed craze-like micro-structures 
connecting the upper and bottom crack surfaces by 
micro-fibrils. Similar micro-damages were also 

observed in our previous research [24]. Typical fracture 
surfaces of PLLA and PLA/PCL15 under mode I 
fracture are also shown in Figure 14. It is observed that 
the surface of the blend is much rougher than that of 
PLLA, suggesting more energy dissipation due to the 
ductile elongation and breakage of polymer fibrils 
during the crack propagation process. These 
aggregation formation of micro-damages tend to 
dissipate more energy than the several lines of single 
craze appeared in PLLA, resulting in the improvement 
of GIC, and also reduce the stress intensity in the crack-
tip region, resulting in the increase of KIC, as shown in 
Figure 11. Thus, the improvement of the fracture 
properties, KIC and GIC, observed in the polymer blend 
are closely related to the micro-damage formation in 
the process-zone under the crack-tip stress 
concentration. 

4. CONCLUSIONS 

Fracture properties and toughening mechanisms of 
biodegradable PLLA/PCL polymer blend were 
characterized under the deformation modes of three-
point bending and mode I fracture. Static and impact 
three-point bending tests and mode I fracture tests 
using SENB specimens were performed to evaluate the 
bending mechanical properties and mode I fracture 
properties of PLLA and PLLA/PCL blends. Optical and 

 
Figure 12: Damage formation in the crack-tip regions of SENB specimens. 
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Figure 13: Formation of craze-like damage in the process zone of PLLA/PCL15. 

 

    
Figure 14: SEM micrographs of mode I fracture surfaces. 

scanning electron microscopies were also conducted to 
characterize the fracture micro-mechanisms. The 
conclusions were obtained as follows: 

1. For PLLA/PCL blend, static bending modulus 
and strength decreased as PCL content 
increased. Static fracture absorbed energy is 
however improved by blending, and the energy 
value is maximized at 15wt% of PCL. Static 
fracture absorbed energy of PLLA/PCL15 is 3.5 
times larger than that of neat PLLA. 

2. Impact fracture absorbed energy of PLLA/PCL15 
was about 2 times higher than that of neat PLLA. 
Thus, the fracture absorbed energy of PLLA can 
be improved by blending with PCL under both 
static and impact loading conditions. 

3. In PLLA, formation of multiple straight crazes 
was the primary mechanism of bending fracture, 
while in PLLA/PCL, dense curved craze-like 
damages were formed in the tensile stress 

region. This type of damage did not easily 
change to crack, as a result, much higher energy 
was dissipated during the fracture process than 
in neat PLLA. Rough surfaces indicating ductile 
deformation and fracture of fibril structures were 
also observed on the fracture surfaces, 
suggesting the higher energy dissipation on the 
surface regions.  

4. Mode I fracture properties such as KIC and GIC 
of PLLA/PCL15 were found to be much higher 
than those of neat PLLA. These improvement of 
the fracture properties were also caused by the 
aggregation formation of multiple craze-like 
micro-damages in the process-zone with 
creation of rough fracture surface. 
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