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Poly(r-lactide) (PLLA) has widely been used as a
polymeric biomaterial mainly owing to its bioabsorb-
ability and biocompatibility. For example, PLLA has
successfully been used for bone fixation devices in oral
and orthopedic surgeries [1]. Although application of
PLLA medical devices is rapidly growing, the defor-
mation and fracture behavior of PLLA has not fully
been understood yet. Fundamental mechanical prop-
erties of thin PLLA films have already been evaluated
[2-5]; however, few studies have performed to under-
stand such properties of bulk sheet samples. Recently,
Todo et al. have extensively investigated the fracture
properties and behavior of PLLA plate specimens [6—
11], and clarified the effects of annealing, crystalliza-
tion, hydrolysis and loading-rate on the fracture
behavior. Drawing process is known to be an effective
way to improve the mechanical properties of thermo-
plastics, and effects of drawing on tensile and fracture
properties of thermoplastics have been studied [12-16].
PLLA is usually draw-processed when it is used for
bone fixation devices, and therefore, fundamental
effect of drawing on its fracture behavior needs to be
characterized.

In the present study, plate samples of amorphous
PLLA were prepared, and draw-processed unidirec-
tionally at different draw ratios. Critical J-integral at
crack initiation, J;,, was evaluated as a mode I fracture
property in the directions perpendicular and parallel to
the drawing direction, i.e. the direction of molecular
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orientation. Scanning electron microscopy (SEM) of
fracture surfaces was also performed to characterize
the effects of drawing on the fracture micromechanism.
The roughness of these fracture surfaces were also
measured using a laser microscope to assess the
relationship between the surface roughness and the
fracture properties, and tried to be correlated with
the fracture micromechanism.

PLLA pellets (Lacty#5000, Shimazu Co. Ltd.) were
used to fabricate plates of 160 x 160 x 5 mm® using a
hot press under a processing condition of 180 °C,
30 MPa and 30 min, and then, quenched using ice
water at 0 °C for 10 min to obtain amorphous state.
The PLLA plates were then draw-processed using a
unidirectional drawing machine at a displacement
speed of 150 mm/min at 120 °C. The draw ratio was
varied from 1 to 2.5. Single-edge-notch-bend (SENB)
specimens were prepared from these plates, and the
initial notches were introduced in the direction per-
pendicular or parallel to the drawing direction. It is
noted that the thicknesses of the specimens were
varied from 5 mm for the non-drawing original spec-
imens to 2.2 mm for the draw-processed specimens
with draw ratio of 2.5. The two different types of the
draw-processed specimens were thereafter denoted as
‘perpendicular’ and ‘parallel’ corresponding to their
notch directions to the draw direction. Thus, cracks
were supposed to propagate in the directions perpen-
dicular and parallel to the drawing direction in the
‘perpendicular’ and the ‘parallel’” specimens, respec-
tively.

Three-point bend tests of the SENB specimens were
performed at a quasi-static rate of 1 mm/min using a
servohydraulic testing system with use of a digital
recorder for measurement of time histories of load, P,
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and displacement, ¢. From each of the P—¢ relations,
the critical energy, Uy, at crack initiation was evalu-
ated by numerically integrating the curve up to the
critical point at which initiation of crack growth took
place. The critical point in P-J relation was defined as
the point where rapid decrease of the specimen
stiffness dP/dé occurred. The critical J-integral at crack
initiation, J;,, was evaluated using the following
formula:

77Uin
Jm - m (1)
where B, W, and a are the thickness, width and initial
crack length of the specimen. The geometrical correc-
tion factor # is 2 for the standard SENB specimen.

The average roughness values, R,, of fracture
surfaces in the crack initiation regions of the SENB
specimens were measured using a laser microscope
with surface profile measurement system. For each
specimen, laser scanning was conducted along a line of
250 pm in length distant from the crack-tip by 50 pm.
R, is defined as the average value of the absolute
values of height and depth measured from the level
line, and given by

1 l
Ro=7 /0 F(x)] dx 2)

where f(x) is the surface profile curve expressing
roughness, and [/ the length of the scanning line
(250 um). Fracture surfaces were also observed to
visualize the surface roughness using a scanning elec-
tron microscope (SEM). The SEM microphotographs
were also utilized to characterize fracture micromech-
anisms.

At maximum load point, loading to a SENB
specimen stopped, and unloaded to obtain an arrested
crack with damage zone formed in the vicinity of the
crack. A small portion containing the arrested crack
was cut off from the specimen, and then a thin section
was prepared on a slide glass introducing the petro-
graphic thin sectioning technique [17, 18]. These thin
samples were then observed using a polarizing optical
microscope (POM) to characterize crack growth
behavior.

Dependence of draw ratio on J;, is shown in Fig. 1.
For the parallel, J;,, decreased with increase of draw
ratio, and J;, for draw ratio of 2.5 became about one
fifth of the original. On the contrary, for the perpen-
dicular, J;, increased as draw ratio increased, and J;,
for draw ratio of 2.5 became five times greater than
that of the original. Thus, greater energy is needed for
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Fig. 1 Dependence of draw ratio on critical J-integral at crack
initiation: (a) perpendicular direction (b) parallel direction

crack propagation in the perpendicular than in the
parallel. This is easily understood by considering the
effect of drawing on the micromechanism of fracture.
In draw-processed polymer, molecules are reoriented
in the drawing direction. Therefore, energy dissipation
during crack growth by elongation and scission of such
oriented molecules is much greater in the perpendicular
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Fig. 2 Relationship between J;, and R,
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direction than in the parallel direction where such
elongation and scission processes obviously decrease.
The relationship between J;, and R, is shown in
Fig. 2. It is clearly seen that the larger R, value
corresponds to the higher J;, value, indicating that the
toughening mechanism in the parallel is considered to
be accumulated damage generation in the crack-tip
region that makes fracture surface much rougher.
SEM micrographs of fracture surfaces are shown in
Fig. 3. The perpendicular with draw ratio 2.5 exhibited

e e 200pm
(b) draw ratio = 2.5, perpendicular

(c) draw ratio = 2.5, parallel

Fig. 3 SEM micrographs of fracture surfaces: (a) original (b)
draw ratio = 2.5, perpendicular (c¢) draw ratio = 2.5, parallel

rougher surface with ductile deformation than the
original. It is interesting to note that crevices existed on
the fracture surfaces that were thought to be cracks
transversely propagated between the parallel fibrils
reoriented in the drawing direction. It is thus thought
that the ductile deformation due to elongation of the
oriented molecules and the transverse crack formation
are primary mechanisms of toughening in draw-pro-
cessed PLLA. On the other hand, the fracture surface
of the parallel were much smoother than that of the
original, corresponding to the lower J;, value.

Jin is contributed by energy dissipation through not
only creation of fracture surface but also development
of process zone. Damage formation in process zone can
be analyzed by observing the notch-tip region using a
POM. POM micrographs of notch-tip regions of the
original and the perpendicular are shown in Fig. 4. In
the original, multiple crazes forming a fan shape were
observed. They were initiated from the initial notch-tip
and propagated almost perpendicularly to the tensile
direction. For the perpendicular with draw ratio 2.5,
crazes were much denser and the width of the damage
region was much wider than the original. Transverse
cracks generated in the drawing direction are observed,
and these obviously correspond to the crevices
observed on the fracture surfaces as shown in Fig. 3b.
Larger damage region consisting of crazes and transverse

(b) draw ratio = 25, perpendicular

Fig. 4 Polarizing optical microscope (POM) micrographs of
damage zones: (a) original (b) draw ratio = 2.5, perpendicular
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cracks generated in crack-tip region indicates lager
energy dissipation under crack initiation and propaga-
tion processes, and therefore, greater Jj,.

In summary, the effect of drawing on the mode I
fracture behavior of PLLA was investigated by evalu-
ating the critical J-integral at crack initiation, J;,, and the
surface roughness, R,, and by performing SEM and
POM of fracture mechanism. For the perpendicular
direction, J;, increased as draw ratio increased; on the
contrary, for the parallel direction, J;, decreased. The
variation of R, with draw ratio well coincided with that
of J;,, suggesting that rough surface formation resulted
in high energy dissipation during crack initiation. SEM
and POM results indicated that the elongation and
scission of the oriented molecules due to drawing, which
usually create rough surface, are the primary mecha-
nisms of the toughness improvement due to drawing.
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