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Abstract
This paper investigates the morphology and mechanical properties of poly (L-co-D,L-lactic acid) (PLDLA) specimens
injection-molded using different melt temperatures and stress concentrator in the specimen geometry. The values for the
tensile strength and ultimate strain increased with a reduction in the melt injection temperature for unnotched specimens.
The notched specimens molded using low and high melt injection temperatures showed similar values for the tensile
strength compared with the unnotched specimens. The fracture surfaces of the notched and unnotched specimens molded
at the low melt temperature showed the characteristic of ductile failure presenting fibrillation and displacement in the
oriented skin layer. A restriction in the chain rotation and conformation due to the oriented skin layer explains the less
viscous behavior observed in the dynamic mechanical analysis for low injection temperature specimens. The
photoelastic analysis indicated a birefringence along the specimens manufactured using the low melt injection temper-
ature, suggesting the existence of residual stress due to filling phase and rapid solidification. On the other hand,
specimens injected using the high temperature showed residual stress concentration near the gate due to the packing
effect of holding pressure. The enthalpic relaxation peak at the glass transition (Tg) observed in the differential scanning
calorimetry analysis confirmed the existence of significant residual stress in all PLDLA specimens, especially when
injected using the low temperature.
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1 Introduction

Injection molding processes are used to produce medical de-
vices comprised of bioabsorbable polymers, such as poly (lac-
tic acid) (PLA), which are absorbed by the body over a con-
trolled period of time. Current applications of PLA polymers
include dental scaffolds, maxillofacial plates, orthopedic
screws, ligament anchors, nerve regeneration guides, and vas-
cular drug-eluting stents [1–5]. Many of these products are
small, complex, 3D geometries that can only be manufactured
using injection molding. Specialists are working toward
obtaining better control of the bioabsorbable polymer mor-
phology and properties during processing, in order to expand
the possibilities for manufacturing medical devices with com-
plex geometries [6, 7].

The properties of an injection-molded part are strongly
influenced by the polymer morphological features, such as
the crystallinity and molecular orientation [5, 8]. The
polymer morphology varies according to the complex
thermal and mechanical history of the material associated
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with the molding process and is known to vary depending
on the location within a molded part as well as on the
injection conditions, which can result in an anisotropic
morphology and residual stress [9, 10]. Molecular orientation
usually occurs close to the surface due to the elongational flow
at the flow front. The orientation in the subskin layer (or close
to the core of the part) is related to the shear flow and it can
influence the semicrystalline and amorphous properties of the
polymer [11–13].

PLA exists in two optical stereo-isomeric forms: poly (L-
lactic acid), PLLA, and poly (D-lactic acid), PDLA. Optically
pure PLLA and PDLA are semicrystalline polymers, while the
racemic PLDLA is amorphous and it is used in a number of
medical devices [7]. Crystallinity results in slower degradation
rate, which has been associated with in vivo inflammatory
reaction. Furthermore, PLLA is a brittle material with the po-
tential to accumulate residual stress [1, 3, 6, 8, 14]. In an
attempt to overcome PLLA limitations, a combination of L-
lactic and D,L-lactic monomers resulting in a poly (L-co-D,L-
lactic acid) (PLDLA) copolymer has been studied. PLDLA
has presented a better degradation rate in comparison to
PLLA and good mechanical properties. However, the latter
is strongly affected by the processing conditions and part ge-
ometry. In order to establish relationships between the me-
chanical properties and the processing parameters, part geom-
etry, and PLDLA morphological features, it is desirable to
optimize the mechanical behavior of the molded PLDLA.
This paper describes a study on the morphology and mechan-
ical properties of PLDLA injection-molded specimens using
different melt temperatures and stress concentrator in the spec-
imen geometry.

2 Experimental

2.1 Materials

The material used in this study was Purasorb 7038, a PLDLA
(poly(L-lactide-co-D,L-lactide) 70:30) supplied by PURAC
Biochem (Gorinchem, The Netherlands). The PLDLA was
estimated by the supplier to have a D-lactide content of 15%.
The Mn value was 300,000 g/mol and the polydispersity was
1.4, as determined by gel permeation chromatography
(Shimadzu LC, 10A, Japan) at 31 °C in THF with p-
Styragel 106, 105, 104, and 103 columns and a polystyrene
standard.

2.2 Injection molding

Previously prepared pellets were dried in an air circulating
oven at 50 °C for 24 h to remove the moisture. Dried pellets
were then fed into an Arburg Allrounder 270S 250-70 injec-
tion molding machine, and two different geometries (notched

and unnotched) of tensile specimens (62 mm × 16 mm ×
2.0 mm) with a dumbbell shape were obtained, with the
smallest rectangular cross section being 10 mm × 2.0 mm,
adapted from ASTM D1822 type S and ASTM D638 type
V specimens.

The geometries of the two mold cavities are shown in
Fig. 1. A notched specimen, with a stress concentration factor
of 2.4, was investigated, aimed at mimicking the complex
geometry corners commonly found in medical devices such
as screws and anchors.

The injection molding conditions investigated in this
study were as follows: injection flow rate 25 cm3/s, mold
temperature 25 °C, holding pressure 60 MPa (600 bar),
holding time 9 s, injection time 2 s, cooling time 50 s, and
screw speed 100 rpm. The melt injection temperature and
the part geometry were chosen as the investigated vari-
ables. Two melt injection temperatures (Tm) were consid-
ered: 205 and 235 °C. The geometry is represented by the
notched and unnotched specimens. The other process pa-
rameters were set considering the machine limits, melt
viscosities, and mold filling characteristics. The factorial
design for this study is shown in Table 1. Three samples
were prepared for each condition.

2.3 Morphology characterization and fractography

A Reichert Jung SN microtome equipped with a steel knife
was used to obtain 30 μm cross sections of the central part
of molded specimens. The temperature was kept at 20 °C
to reduce the extent of surface deformation. The speed of
the knife was 1 mm/s. The morphology of the cut cross
sections was observed using a Leica DM LM transmission
microscope.

The fracture surfaces of the tensile test PLDLA specimens
were examined using a JEOL JSM-6390LV scanning electron
microscope (SEM). The specimens were coated with a thin
layer of gold using a sputter coater diode D2 sputtering
system.

2.4 Tensile tests and dynamic mechanical analysis

The specimens were tested on an EMIC DL-3000 universal
testing machine. A minimum number of five specimens from
each processing condition were tested. These tests were per-
formed at a controlled room temperature of 23 °C and at a test
velocity of 1.0 mm/min.

A DMA Q800 analyzer (TA Instruments) with a single
cantilever clamp was used to perform a dynamic mechan-
ical analysis (DMA). This test provided the values for the
storage modulus (E’), loss modulus (E”), and tan delta (δ)
at a frequency of 1 Hz within the temperature range of − 10
to 120 °C using a heating rate of 3 °C/min and strain of
0.3%.
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2.5 Photoelastic analysis and differential scanning
calorimetry

The residual stress of molded specimens was investigated by
photoelasticity isochromatic fringes [15]. A polariscope was
used to capture the birefringence of the molded specimens and
convert it into fringes. The number of fringes is proportional to
the optical anisotropy due to residual stress.

To determine the residual stress by thermal analysis, differ-
ential scanning calorimetry was performed on 10 mg samples
taken from the central region of molded specimens, using a
Shimadzu DSC-50, applying a heating rate of 10 °C/min and
nitrogen flow rate of 50 ml/min.

3 Results and discussion

Stress versus strain curves for the four conditions of the fac-
torial study is shown in Fig. 2. The unnotched (regular) spec-
imens molded using the low and high melt injection temper-
atures presented almost the same average apparent elastic
modulus, but higher values for the tensile strength and strain
at break were observed in the former case. The average value
for the apparent elastic modulus reduced from 2503 to
2481 MPa and the tensile strength reduced from 59 to
52 MPa (Table 2) with the increase in temperature. The
notched specimens molded using the low and high melt injec-
tion temperatures presented almost the same average apparent
elastic modulus, tensile strength, and strain at break (Table 2).

Figure 2 also shows the images of the lateral view of the
tested specimens. A small reduction can be observed in the
cross-sectional area of the specimens molded using the low

injection temperature, unnotched–low Tm and notched–low
Tm, with withering and flow marks. This behavior may be
explained based on the greater degree of local elongation
achieved (strain at break of 8%). Conversely, the specimens
molded using the high injection temperature show a brittle
behavior, i.e., without apparent local plastic strains. Similar
effects of the melt injection temperature on the strength and
strain at break have been reported for the injection molding of
semicrystalline PLLA [7].

Themicrographs of the fracture surfaces (Fig. 3) of notched
and unnotched specimens molded using the low melt temper-
ature show characteristic features of ductile failure, presenting
significant plastic deformations, such as fibrillation and layer
displacement, especially in the external regions.

The difference between the deformation behaviors in the
external regions and the core of the central portion of speci-
mens (where the fracture was observed) is probably related to
a heterogenic morphology generated during processing. As

Fig. 2 Tensile test curves for notched and unnotched specimens molded
using the low and high injection temperatures (Tm)

Fig. 1 Illustration of the mold
cavities used for the injection
molding of the two different
geometries. Notched specimen
(a) and regular unnotched
specimen (b)

Table 1 Summary of the factorial design of the experiment

Input variables Number of levels Levels

Tm—melt injection temperature 2 Low (205 °C)
High (235 °C)

Notch 2 Notched
Unnotched

Int J Adv Manuf Technol (2018) 98:2231–2237 2233



observed in Figs. 3 and 4, oriented skin and subskin layers and
a non-oriented core were detected for all samples, but with
different characteristics between them. The specimens molded
using the low melt injection temperature (unnotched–low Tm
and notched–low Tm) tended to solidify with molecular orien-
tation close to the mold wall, which is due to elongational
flow.

The orientation in the subskin layer, as shown in Fig. 4, is
related to the shear flow in PLAs and can also lead to solidi-
fication at high cooling rates observed in samples molded
using the low melt injection temperature [6]. This behavior
may explain the large plastic deformation with the dislocation
of subskin layers, as observed on the fracture surface of
unnotched–low Tm and notched–low Tm specimens. Oval-
and square-shape structures were observed in the core region
of unnotched–low Tm and notched–low Tm specimens, respec-
tively, which were associated with different molecular orien-
tation and mechanical behavior in the material’s core and
subskin regions (Fig. 3). The molecular orientation of the
thicker skin layer in unnotched–low T conferred to this region
a greater characteristic of plastic deformation after fracture, as
shown by the larger magnification in Fig. 3. These results
were further supported by higher values for the apparent elas-
tic modulus, tensile strength, and strain at break for

unnotched–low T, as previously reported for PLLA injection
molding [6, 7].

Notched and unnotched specimens molded with the high
injection temperature presented flat and smooth fracture sur-
faces (Fig. 3), as typically found in brittle polymeric materials
with high-speed flaw propagation during failure [16]. Small
plastic deformations can be seen near the borders, suggesting
the formation of a thin molecular-oriented skin layer during
the elongational flow. There is no evidence of subskin layers,
indicating the presence of an extended core region without
orientation. These features suggest that for samples prepared
at higher temperature, the cooling rate was slow enough to
allow the relaxation of a significant portion of the specimen
resulting in a non-oriented morphology and brittle mechanical
behavior, similar to non-oriented injection-molded PLLA [7].

These observations are in agreement with the polarized
optical microscopy images shown in Fig. 4 and the values
obtained for the skin layer thickness reported in Table 3. A
skin layer of about 70μmwas obtained for unnotched–low Tm
and notched–low Tm, while a skin layer thickness of around
10 μmwas verified for unnotched–high Tm and notched–high
Tm. These characteristics can be explained by the processing
conditions. During the injection molding process, the molten
polymer is subjected to shear and elongational flow prior to

Table 2 Mechanical properties of
PLDLA specimens determined
from tensile tests

Specimen Elastic modulus (MPa) Strength (MPa) Strain at break (%)

Unnotched–low Tm 2503 (± 40) 59 (± 2) 8 (± 1.5)

Unnotched–high Tm 2481 (± 80) 52 (± 2) 3 (± 2.0)

Notched–low Tm 2910 (± 90) 56 (± 3) 3 (± 1.5)

Notched–high Tm 2867 (± 30) 53 (± 2) 3 (± 1.0)

Fig. 3 SEM micrographics of the fracture surface of notched and
unnotched specimens molded using low and high melt injection
temperatures (Tm). × 20 magnification

Fig. 4 Optical micrographics of cross section of unnotched specimens. a
Thin skin layer of specimen molded at the high injection temperature. b
Thick skin layer of specimen molded at the low injection temperature
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solidification. Specimens molded with the same polymer may
present considerably different morphologies depending on the
processing conditions [17]. Typically, molecular orientation
occurs when the flow and cooling rates are sufficiently fast.
Therefore, samples processed at lower temperatures are ob-
served to have a faster cooling hate than samples processed at
higher temperatures. This explains the findings observed in
this study in which unnotched–low Tm and notched–low Tm
presented a thicker and organized skin layer, while high Tm
and notched–high Tm present a discrete organized layer.

In DMA tests, a cyclic force is applied to the specimens at a
specified frequency and the storage modulus (E’), loss modu-
lus (E”), and loss tangent (E”/E’) are measured as functions of
the temperature, highlighting changes in the stiffness and
damping characteristics. Specimens molded at the high injec-
tion temperature showed higher loss tangents than those
molded at the low injection temperature, suggesting that the
former has a greater number of molecular groups with the
freedom to undergo rotation and conformation during the
glass transition (Tg). In addition, the lower loss tangent values
observed for the specimens molded at the low injection tem-
perature are consistent with the presence of thick oriented skin
layers, since strong molecular orientation introduces con-
straints in the molecular movement (Fig. 5).

Photoelasticity allows the analysis of the residual
stress distribution due to a heterogeneous cooling rate
and mold overpacking. According to the Maxwell and
Brewest laws, the birefringence of a material presenting
optical anisotropy (n11–n22) can be related directly to the
difference in the corresponding principal stresses, that is,
τ11–τ 22, for a light propagated along one of the principal
axes of the strain:

n11–n22ð Þ ¼ C τ11–τ22ð Þ ð1Þ

where C is the stress-optical coefficient, which is depen-
dent on the temperature and the polymer chain refraction
index (electronic polarizability). The photoelastic effect,
characterized by the stress-optical coefficient, is primarily
determined by the anisotropic polarizability [18]. Figure 6
shows the photoelastic fringes of notched and unnotched
specimens injected at low and high temperatures. Both low
injection temperature specimens (a and c) show fringes that
suggest a wide distribution of residual stresses, probably
due to the shear stress during the filling phase and the rapid
solidification. On the other hand, the high injection tem-
perature specimens (b and d) present residual stresses con-
centrated at the gate and in the central regions due to the
packing effect of holding pressure.

Figure 7 shows the results obtained in the differential
scanning calorimetry (DSC) analysis. Curve A shows the
thermal behavior of annealed (amorphous) pellets of
PLDLA, where a single glass transition at 59 °C is ob-
served from the pronounced step in the baseline curve due
to a change in the heating capacity (Cp). On the other
hand, analogous curves of injected specimens showed
clear endothermic peaks at the same temperature of
59 °C which are attributed to the residual stresses induced
during the molding process [19]. The energy involved in
the enthalpic relaxation peaks of the specimens molded
using the low injection temperature was higher than that
for the specimens molded with the high injection temper-
ature (Table 4). This suggests that the low injection tem-
perature molding process produced higher residual stress-
es, at least in the central region.

4 Conclusions

Temperature and geometry were observed to be an impor-
tant factor on the manufacturing process of PLDLA sam-
ples. Lower temperature resulted in higher tensile strength
and ultimate strain for unnotched specimens, which were
associated with formation of skin and subskin organized
layers on these samples. The notched specimens molded
using low and high melt injection temperatures showed
similar values for the tensile strength compared with the

Fig. 5 Storage modulus (E’) and loss tangent (tan δ) of notched–low T,
notched–high T, unotched–low T, and unotched–high T

Table 3 Skin layer
thickness determined by
polarized optical
microscopy

Sample Skin layer thickness [μm]

Low Tm High Tm

Unnotched 74 (± 11) 7 (± 3)

Notched 69 (± 15) 12 (± 4)
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unnotched specimens. Specimens molded using the low
melt injection temperature presented lower loss tangent
values in the DMA tests. Molecular restriction in the chain
rotation and conformation due to the thick oriented skin
layer can explain the less viscous behavior observed in
the DMA for notched and unnotched low injection temper-
ature specimens. The photoelastic analysis indicated a bi-
refringence along the specimens manufactured using the
low melt injection temperature, suggesting an extended
residual stress due to rapid solidification. On the other
hand, specimens injected using the high temperature
showed residual stress concentration at the gate region
due to the compression effect of the holding pressure.
The enthalpic relaxation peak at the Tg observed in the
DSC analysis confirmed the existence of significant resid-
ual stress in all PLDLA specimens, especially when
injected using the low temperature. The results found in
this work demonstrated the influence of processing param-
eters on materials properties, highlighting the importance
in selecting the proper experimental conditions to manu-
facture samples with required properties. Effects of other
parameter processes, such as injection pressure, will be
evaluated in future works.
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Fig. 6 Images of photoelastic
fringes for a notched–low T, b
notched–high T, c unotched–low
T, and d unotched–high T

Fig. 7 Calorimetry curves for a annealed PLDLA pellets, b notched–
low T, c notched–high T, d unotched–low T, and e unotched–high T

Table 4 Relaxation enthalpy values for PLDLA specimens determined
by DSC

PLDLA specimens Low Tm (J/g) High Tm (J/g)

Unnotched 6.9 (± 0.9) 5.6 (± 0.8)

Notched 7.2 (± 0.9) 5.2 (± 0.8)
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