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Abstract Effects of LTI addition on the mode I fracture

energy of HA/PLLA/PCL were examined and the micro-

structural modification due to LTI addition was investi-

gated. Both the mode I energy release rate, Gin, and

averaged fracture energy, Ef, are improved dramatically

due to LTI addition. The reason is considered to be the

improvements of the interfacial structure connecting HA

particles with PLLA/PCL matrix and the miscibility

between PLLA and PCL. These changes of blend mor-

phology and interfacial structure reduce the stress con-

centration and lead to the ductile deformation and resulted

in the increase of those fracture properties.

Poly(L-lactide) (PLLA) is known to be a bioabsorbable

polymer with biocompatibility and therefore has widely

been used for bone fixation devices in orthopedics and oral

surgery [1, 2]. Blending with bioactive ceramics such as

hydroxyapatite (HA) has recently been adopted to improve

the bioactivity, the degradation rate, and the stiffness of

such medical devices [3–15]. It was, however, shown that

the fracture properties of such HA/PLLA biocomposites

tend to be much lower than those of neat PLLA mainly due

to immediate failure along the interfaces between HA par-

ticles and PLLA matrix, as a result, brittle fracture behavior

is observed in this biocomposite system [16–18]. Park et al.

has succeed to improve the ductility of HA/PLLA by

blending Poly (e-caprolactone) (PCL), which is the ductile

biocompatible polymer [19]. However, it was also found

that the phase separation in PLLA/PCL polymer blend tend

to disturb the improvement of fracture toughness. Recently,

our research group has discovered that lysine tri-isocyanate

(LTI) effectively improves such phase separation, and the

fracture toughness of PLLA/PCL is dramatically increased

due to LTI addition [20–22]. The aim of the present study

was therefore to assess the effect of LTI addition on the

fracture properties of HA/PLLA/PCL biocomposites.

Microstructural modification by LTI addition was also

correlated with the improvement of the fracture properties.

HA particles (Sangi Co., Ltd.) with the representative

size of about 5 lm were used as filler. HA particles and

PLLA (Toyota Motor Co., Ltd.) and PCL pellets (Cel-

greenH7� Daicel Chemistry Industries Co.) were mixed by

a conventional melt-mixer at 190 �C. LTI was blended

with HA particles and PLLA and PCL pellets prior to the

melt-mixing. The mixing ratio of HA, PLLA, and PCL was

fixed at 10:90:10 in weight fraction, and LTI content was

chosen to be 1 wt% to the weight of PLLA/PCL. HA/

PLLA/PCL and HA/PLLA/PCL/LTI are denoted thereafter

as H/L/C, and H/L/C/T, respectively. For comparison, HA/

PLLA composite, denoted as HA/PLLA, and neat PLLA

were also prepared by using the same fabrication process.

Plates of 2-mm thick were then fabricated from those

mixtures using a hot-press attached with a water-cooling

system. The mixtures were melted at 180 �C and pressed at

30 MPa, and then quenched to room temperature using the

cooling system. Single-edge-notch-bend (SENB) speci-

mens were prepared from the composite plates for mode I

fracture testing. The length and width of SENB specimen is

70 and 10 mm, respectively, and the initial notch length is

5 mm. The crystallinity values of PLLA, xc,PLLA, were

measured using a differential scanning calorimetry.
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Three-point bending tests of the SENB specimens were

conducted at a loading rate of 1 mm/min, and the mode I

energy release rate, Gin, at crack initiation was evaluated

using the following formula [23]:

Gin ¼
Uin

BW/
ð1Þ

/ ¼ Aþ 18:64

dA=dx
ð2Þ

A ¼ 16x2

ð1� xÞ2
ð8:9� 33:717xþ 79:616x2 � 112:952x3

þ 84:815x4 � 25:672x5Þ ð3Þ

dA=dx ¼ 16x2

ð1� xÞ2
ð�33:717þ 159:232x� 338:856x2
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Fig. 1 FE-SEM micrographs of cryo-fracture surfaces. a HA/PLLA,

b HA/PLLA/PCL, and c HA/PLLA/PCL/LTI

Fig. 2 Effect of LTI on the crystallinity of PLLA, xc,PLLA

Fig. 3 Results obtained from mode I fracture tests. a Typical load–

displacement curves and b fracture properties
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where B, W, and a are the thickness, width, and the initial

crack length of the SENB specimen, respectively, and / is

the geometrical correction factor given as a function of

x that is equal to a/W. Uin is the critical energy defined as

the area under the load–displacement curve up to the crack

initiation point at which the rigidity of the SENB specimen

decreased rapidly. The average fracture energy, Ef, was

also evaluated and simply defined by the following

formula:

Ef ¼
Uf

WðB� aÞ; ð5Þ

where Uf is the energy corresponding to the area under

load–displacement curve up to the point of complete

fracture of the specimen. Ef is therefore recognized as the

average fracture energy per unit area of fracture surface.

Fracture surface and interface structure between HA par-

ticle and matrix of the SENB specimens were also

observed using a scanning electron microscope (SEM) and

a field emission scanning electron microscope (FE-SEM),

respectively.

FE-SEM micrographs of cryo-fracture surfaces of the

specimens are shown in Fig. 1. It is noted that the number

of spherical PCL decreases due to LTI addition, corre-

sponding to the improvement of the miscibility of PLLA

and PCL. This implies that the miscibility of PLLA and

PCL is improved by crosslinking of PLLA and PCL

macromolecules induced by the chemical reaction between

Fig. 4 SEM micrographs of

fracture surfaces. a HA/PLLA-

notch-tip, b HA/PLLA/PCL-

notch-tip, c HA/PLLA/PCL/

LTI-notch-tip, d HA/PLLA-

crack propagation, e HA/PLLA/

PCL-crack propagation, and

f HA/PLLA/PCL/LTI-crack

propagation
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the hydroxyl group of PLLA and PCL and the isocyanate

group of LTI [20]. The crystallinity of PLLA, xc,PLLA are

shown in Fig. 2. It was found that xc,PLLA tends to increase

by PCL blending. It is thought that the crystallization of

PLLA is encouraged under existence of PCL spherulites

which may work as nuclei [24]. It is interesting to see that

the crystallinity of H/L/C/T is lower than that of H/L/C,

indicating that such nucleating effect of PCL is reduced

because the formation of PCL spherulites is suppressed due

to the improvement of the miscibility of PLLA and PCL.

Typical load–displacement curves obtained from the

mode I fracture tests are shown in Fig. 3a. It is seen that

addition of HA particles degrades the maximum load of

PLLA, however, further blending of PCL increases the

maximum load. It should be noted that addition of LTI

dramatically increases the maximum load, and that of H/L/

C/T is about 1.3 times larger than that of H/L/C. The rate of

load reduction after the maximum load becomes slow due

to LTI addition, corresponding to the improvement of

resistance against crack propagation.

Fracture properties calculated by Eqs. 1 and 2 are shown

in Fig. 3b. HA/PLLA possesses lower fracture properties

than pure PLLA, indicating that the dispersed HA particles

tend to degrade these fracture properties. Blending of PCL

to the composite can effectively improve the fracture

properties and the fracture properties of H/L/C are nearly

equal to those of PLLA. The fracture properties are dra-

matically improved by LTI addition; especially, Ef of H/L/

C/T is about three times larger than that of H/L/C.

SEM micrographs of the mode I fracture surfaces in

notch-tip region are shown in Fig. 4a–c. The fracture sur-

face of H/L is characterized by a rough surface with void

formation. These voids are thought to be created by deb-

onding of HA particles from PLLA matrix. These voids

likely cause local stress concentration in the surrounding

regions, resulting in the accelerated crack initiation. The

fracture surface of HA/L/C becomes rougher than that of

H/L, corresponding to the enhancement of ductile defor-

mation due to blending of ductile PCL phase. The amount

of voids tends to increase by the PCL blending, and these

voids are thought to be created by debonding of dispersed

PCL spherulites from PLLA-rich phase [22]. These voids

increase local stress concentration in the surrounding

regions, while the ductile deformation of specimen

increases, resulting in the slight improvement of Gin value.

The amount of voids is dramatically reduced by LTI

addition mainly owing to the improvement of miscibility of

PLLA and PCL as shown in Fig. 2. It is noted that the

amount of voids created by the debonding of HA particles

is also effectively reduced due to LTI addition. FE-SEM

micrographs of the interfacial structure between HA par-

ticles and PLLA/PCL matrix are shown in Fig. 5. It is

considered that the interfacial connections between HA

particles and PLLA/PCL matrix are effectively strength-

ened due to LTI addition, resulting in the reduction of void

formation. These micro-structural changes of blend mor-

phology and interfacial structure reduce the localized stress

concentration regions and lead to the enhancement of

ductile deformation and result in the increase of the Gin

value.

SEM micrographs of the mode I fracture surfaces in

crack propagation region that is distant from the notch-tip

by about 1 mm are shown in Fig. 4d–f. The fracture sur-

face of H/L is characterized by smooth surface, corre-

sponding to the low fracture energy. The fracture surface of

H/L/C is characterized by void formation and becomes

rougher than that of H/L. The voids are thought to be

mainly created by debonding of HA particles from the

PLLA/PCL matrix. These voids generate local stress con-

centrations in the surrounding regions, resulting in the

increase of local ductile deformation and the slight

Fig. 5 FE-SEM micrographs of interfacial structure between HA

particle and PLLA matrix. a HA/PLLA/PCL and b HA/PLLA/PCL/

LTI
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improvement of Ef value. The amount of voids is reduced

dramatically due to LTI addition as a result of improve-

ment of the interfacial connections between HA particles

and PLLA/PCL matrix as shown in Fig. 5. These micro-

structural changes of blend morphology and interfacial

structure reduce the localized stress concentration regions

and lead to the ductile deformation and resulted in the

increase of Ef value.

In summary, effects of LTI addition on the mode I

fracture properties of HA/PLLA/PCL were examined and

the micro-structural modification due to LTI addition was

investigated. Both the energy release rate at crack initiation

and the average fracture energy are improved dramatically

due to LTI addition. The reasons for such improvements

are considered to be the strengthening of the interfacial

connection between HA particles and PLLA/PCL matrix

and the improvement of miscibility of PLLA and PCL.

These changes of blend morphology and interfacial con-

nection reduce the stress concentration and lead to the

ductile deformation and resulted in the increase of those

fracture properties.
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