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Poly(Lactic Acid), PLA represents a very interesting polymer for industrial applications

because of its good processability, the possibility of being obtained from renewable

sources, good physical properties, biocompatibility, and biodegradability. The major

depolymerization mechanism and the step that controls the rate of PLA biodegradation

in compost is represented by the hydrolysis. The characteristic of being degradable is not

per se an advantage: the inclination to degrade in the presence of water represents a limit

for specific industrial applications, especially for durable components that are designed

for long-period utilization such as in the automotive, electronic, and agricultural sectors,

as well as in medical applications. Being able to control the degradation rate would be

a real advantage: a product should preserve its characteristics during processing and

for a time comparable to its application but should be nevertheless fully biodegradable

at longer times. Furthermore, a gradient of properties could allow producing samples

in which some portions degrade at a faster rate and some others at a slower one.

Different methods can be used to influence the degradation rate of PLA, some examples

are blending, copolymerization and surface modification. However, these change the

physical properties of the material. Any factor influencing the rate of hydrolysis can

affect the biodegradation process. The objective of this work is verifying the possibility

to modulate the rate of degradation in the same part, in time and at different rates.

The method is represented by a technique that influences locally the morphology of the

samples. Biphasic samples (half amorphous and the other half crystalline) were obtained

by micro-injection molding and the degradation process was monitored by means of

hydrolysis tests. The analysis confirmed the crystalline regions show a slightly better

resistance to the hydrolysis compared to the amorphous.

Keywords: PLA, micromolding, crystallinity, hydrolysis, mechanical properties

INTRODUCTION

In the last decades, environmental and economic challenges led scientists and producers to
replace, in part, oil-based polymers with biodegradable. Poly(l,l-lactide) acid, hereafter called PLA,
represents a good candidate. PLA is a thermoplastic characterized by a high value of strength and
a high modulus. The resources that are used to produce PLA, like rice, corn or wheat, are annually
renewable. Moreover, it is compostable and can be recycled (Drumright et al., 2000; Sawyer, 2003),
producing this polymer consumes carbon dioxide (Dorgan et al., 2001). Another advantage of the
PLA is its biocompatibility, especially for biomedical applications, in fact, it is not toxic for local
tissues (Farah et al., 2016). Furthermore, the degradation products do not affect tissue healing. The
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use of PLA, that was limited for medical and dental applications
in the past, is turning into common applications like packaging
and single-use products.

Being interested in the use of PLA in engineering areas and
in applications for higher added value, currently, many scientists
focused their attention in the production of new biodegradable
polymers that have better processability, mechanical properties,
and thermal resistance, as well as long durability and stability
(Murariu and Dubois, 2016). In the last years, the market is
turning to more “durable” biomaterials like engineering parts
for electronics and automotive industry (Drumright et al., 2000;
Auras et al., 2004; Guptaa et al., 2007; Jamshidian et al., 2010;
Nampoothiri et al., 2010; Babu et al., 2013; Raquez et al., 2013;
Murariu et al., 2014; Wertz et al., 2014). The concern for the use
of this polymer to satisfy the market needs of bioplastics with
a long duration, in sectors such as electronics and automotive
components and obtain a processability similar to that of the
existing polymers, is causing a rapid growth in PLA production.

The PLA products can be obtained by using the common
processing techniques like extrusion, injection molding and
compression molding (Garlotta, 2001; McKeen, 2014). Ghosh
et al. (2008) verified that the technique for shear controlled
orientation in injection molding, called SCORIM, can have an
effect on the final energy at break as well as the maximum stress.
However, due to its high viscosity, and a relatively narrower
processing windows with respect to other resins, only under
particular conditions, PLA can be processed by microinjection
molding and most of the literature research focused on the
microinjectionmolding of PLA composites or blends (Zhao et al.,
2018; Zhou et al., 2018).

To enhance PLA properties, many efforts are undertaken via
different techniques andmodifications, adding additives (Iozzino
et al., 2018) or by realizing physical treatments (Harris and
Lee, 2008; De Santis et al., 2017). Some workers proved that by
increasing the crystallinity of PLA products the chemical and
thermal resistances improve (Gamez-Perez et al., 2011). For this
reason, the study of the crystallization kinetics of PLA was of
relevant importance (Pantani et al., 2010).

The degradation of biopolymers is the result of two
mechanisms: the chemical hydrolysis and the water and oligomer
diffusion. In order to estimate the effects of one of the two
mechanisms, the hydrolytic degradation kinetics in the chemical
regime, the study can be performed in solution (Zhang et al.,
1994; De Jong et al., 2001). Different authors suggest an
Arrhenius-dependent kinetics (Tsuji, 2003; Weir et al., 2004;
Speranza et al., 2014). Many papers concerned the hydrolysis
of PLA, studying the elements that can affect the mechanism
of chain scission like the molecular weight, the temperature
and the chain stereo-configuration (Lostocco and Huang, 1998;
Drumright et al., 2000; Gorrasi and Pantani, 2017). Some workers
verified that the carboxyl end groups accelerate the hydrolysis
of PLA (Li et al., 1990; Hocking et al., 1995), and the kinetics
solution is determined by the pH of the degrading medium (De
Jong et al., 2001). The mechanism of hydrolysis is still under
investigation, in fact, some authors verified that the scission of
the chains occurs randomly also in acid (Shih, 1995) or in basic
conditions (Belbella et al., 1996). The process of chain scission

compared to the end scission determines a substantial reduction
of the physical properties (Gleadall et al., 2014). Although, the
influence of the stereochemical composition is still not clear
(Gorrasi and Pantani, 2013).

The control of the biodegradation rate is interesting for
the application in many sectors (Ha and Xanthos, 2010).
There are several techniques that can be used to modify the
rate of biodegradation. Examples are developments of blends,
copolymers and use of particular fillers (Arias et al., 2014; Stloukal
et al., 2015; Iozzino et al., 2018).

Literature research reveals that the morphology itself of the
PLA can affect its degradation. Since the possibility for the
water molecules to enter inside the rigid crystalline regions is
extremely limited, the crystalline portion of PLA parts show
higher resistance to the hydrolysis respect to amorphous regions.
When different crystallinity levels are present in the part, the
hydrolysis proceeds breaking the chains in the amorphous
regions, therefore, removing the oligomers and monomers that
are soluble in water, only intact crystalline regions remain (Tsuji,
2010). Others (Pantani and Sorrentino, 2013) demonstrated, also,
that the initial morphology of PLA parts has a high influence
on the degradation, in particular on the swelling and flake
off processes. Completely amorphous PLA showed a higher
degradation than semicrystalline PLA in presence of the same
conditions of hydrolytic process (Fukushima et al., 2013). The
amount of hydrolysis found for amorphous PLA parts was
considerably high. In crystalline polymers the hydrolytic attack
of ester bonds can be favorite.

The aim of this work is the production of parts with different
morphologies, investigate the effect of the hydrolysis on the
degradation of the poly-lactid acid parts and therefore observe
the establishment of a profile of the properties inside each
sample. In particular, thin PLA bars characterized by different
crystallinity along the length were produced by microinjection
molding adopting a novel technique that permits the local control
of the temperature during and after the process thus affecting the
crystallization in a selected region of the sample (De Santis and
Pantani, 2016). The crystallinity, the evolution of the molecular
weight and the mechanical properties of biphasic samples with
different times of hydrolysis were investigated.

MATERIALS AND METHODS

Material
The material used in this work is a commercial PLA, the
4032D, supplied by Natureworks. Its D-enantiomer content is
approximately equal to 2%. The molecular weight distribution
detected by chromatography: Mn 119,000 g/mol andMw 207,000
g/mol. In order to prevent viscosity degradation, each test was
preceded by a drying procedure for the material that was kept for
8 h at 60◦C under vacuum.

Samples Preparation
PLA bars were produced by injection molding with a Haake
MiniJet Machine and a mold with a cavity geometry of 10 ×

4mm with a thickness of 0.25mm. Micromolding was carried
out at a melt temperature of 220◦C, injection pressure of 150 bar,
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FIGURE 1 | Schematic of the steps for the parts production.

FIGURE 2 | Assembly for penetration test and scheme of the test.

FIGURE 3 | Temperature measurements during the process.

post injection pressure of 140 bar. The whole process was carried
out under a nitrogen atmosphere. The cavity was inserted in a
special mold equipped with a control system for the temperature

of the cavity surfaces. This system adopted resistances to heat
the surfaces of the cavity by Joule effect and thermocouples that
allowed controlling the temperature by switching the current to
the heaters. As showed in Figure 1, the process involved different
steps: after the cavity surfaces were heated up to 160◦C themolten
PLA was injected into the thin the cavity (injection step), the
material was cooled by switching off the resistances from about
160◦C to about 50◦C in 15 s (cooling step). Then only one zone
of the solid injected sample was kept at 105◦C for 500 s (annealing
step). Since the PLA has very slow crystallization kinetics, the
region of the injection-molded parts that did not experience the
annealing step resulted to be fully amorphous. The region that
was kept at 105◦C (De Meo et al., 2018) resulted crystalline. Two
protocols were used to produce the samples for the degradation
study. In protocol “a,” after the filling and cooling steps, the
region under annealing is the one after the gate. In the protocol
“b,” the region under annealing is the tip of the sample (Figure 1).

Hydrolysis
The degradation of the PLA parts was investigated by means of
hydrolysis tests. Each sample was immersed into distilled water.
In line with the ASTM and ISO standards, the biodegradation
experiments were carried out at 58◦C. The samples have been
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put individually in containers with distillated water where the
quantity of water [ml] was 800 times the quantity of the dried
sample [g]. A thermostatic bath equipped with a lid was adopted
to mantain the temperature constant and equal to 58◦C during
the hydrolysis experiments. After every 24 h of hydrolysis, the
water of each sample was analyzed by using a Crison pH-
meter at 25◦C. The water used in this work has a pH value
of about 6.5. The water of each sample was replaced by the
same amount of fresh distilled water to assure that the pH
value of the hydrolysis medium remains constant. This operation
was carried out by using a syringe which needle diameter
is 0.2mm. In order to carry out the necessary analysis, the
samples were collected and dried in vacuum conditions at

FIGURE 4 | Not hydrolyzed biphasic samples, on the top the one produced

by Protocol “a” and bottom by Protocol “b”.

60◦C for about 3 h and then weighed. The samples, for the
whole hydrolysis test, remain in their vessels, to avoid losses
of the hydrolyzed material. All tests were carried out on at
least three samples. The results reported refer to the average
upon all the tests. The hydrolysis of all samples was carried
out for about 60 days. After 60 days, since the samples became
fragments with a very small mass an accurate analysis was not
possible anymore.

Calorimetry
Calorimetric analysis were carried out tomonitor the crystallinity
with the time of hydrolysis. A Mettler DSC822 in flowing
nitrogen atmosphere was used for this purpose. To obtain reliable
measurements, the indium, which is a standard material, was
used to calibrate the heat flow and the temperature Thermograms
were obtained by considering a mass of about 5mg for each
sample and the following thermal program:

• Heating at 10◦C/min from−10◦C to 200◦C (first heating);
• Isothermal step for 5min at 200◦C;
• Cooling step at 10◦C/min from 200◦C to−10◦C (cooling);
• Heating at 10◦C/min from−10◦C to 200◦C (second heating).

Gel Permeation Chromatography (GPC)
As hydrolysis proceeds, the evolution of molecular weight of
the microparts was monitored by performing GPC analyses. A
HPLC Waters (Milford, MA, USA) fitted out with an auto-
sampler. After dissolving the parts in thetrahydrofuran (THF),
considering a ratio between the sample mass and the quantity

of solvent at 50◦C equal to 1 [g/mol], a 0.45µm filter Chromafil
PTFE was used for the investigation.

Mechanical Tests
The breaking force was evaluated by means of penetration
mechanical tests. The dynamic mechanical measurements were

FIGURE 5 | Images of hydrolyzed samples of micro-injected biphasic PLA sample (amorphous gate, crystalline tip).
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performed by using the Perkin Elmer DMA 8000 (Waltham,MA,
USA). The machine is equipped with a tip that has a diameter of
150µm. For each experiments, the maximum value of force was
equal to 7N and the load rate was 0.2 N/min. A schematic of the
device used is shown in Figure 2. The sample was placed under
the tip with an increasing force up to the maximum allowed value
of 7N (the instrumental limit). DMA returned the values of the
force and the displacement of the tip.

RESULTS AND DISCUSSION

Micromolding
PLA bars were obtained by microinjection molding. To
permit the filling in the microcavity and prevent a premature
solidification, a value of temperature between the glass transition

FIGURE 6 | DSC analysis of micro-injected biphasic PLA sample (amorphous

tip, crystalline gate), first scan.

FIGURE 7 | DSC analysis of micro-injected biphasic PLA sample (amorphous

gate, crystalline tip), first scan.

temperature and the melting temperature was applied at the
surface of the cavity without changing the temperature of the
rest of mold. The special system, as showed in Figure 3, is able
to increase the temperature of the cavity surfaces from 60◦C,
temperature of the mold, to 150◦C. That value was set just
before the filling, manually activated at the machine, and was
kept until the injection step ended. After that, by switching
off the heaters the rapid cooling led the surfaces in less than
10 s to 60◦C. Without extracting the sample from the mold the
preparation of each sample included a second step in which an
isothermal step (crystallization step) involved only an area of
the injected samples. A temperature of 105◦C was applied for
500 s. In these conditions, a low crystallization time is expected
(De Meo et al., 2018).

Hydrolysis
The hydrolysis mechanism represents the main cause is the
main of depolymerization in fact, it controls the biodegradation
in compost. The hydrolysis rate, therefore, indicates the rate
of degradation during composting. The samples were put in
distilled water and at the set time were taken out and dried
for the needed investigations: optical, calorimetric, GPC and
mechanical analysis.

Optical Observations
All the samples were observed and photographed under polarized
light. As showed in the Figure 4 there was a clear difference
between the two regions of the sample: the amorphous region
was transparent whereas the crystalline one appeared opaque.
Analyzing the images of the samples under hydrolysis it is evident
that the crystalline zone of the sample remained unchanged for
a time of 12 days (Figure 5). The appearance of the amorphous
zone changed after the second day turning from transparent
to opaque. The same phenomenon was already observed in
the PLA (Pantani and Sorrentino, 2013). This could be due
to the micro-fractures due to the water moving away from
the sample during the drying phase. Obviously, the crystalline
zone had a lower water permeability at least for the first 25
days of hydrolysis. From 30 days there were no differences
between the two different morphologies. The degradation tests
confirmed that crystalline regions had a slightly better resistance
to hydrolysis.

Calorimetric Analysis
From the results of the DSC analysis, before the hydrolysis
(samples 0 days) reported in Figures 6, 7, it is evident that there
was a difference between the phases: there were crystallization

TABLE 1 | Crystalline degree of the biphasic samples before the hydrolysis.

Protocol Region detected Xc [%]

a Gate 30

a Tip Negligible

b Gate Negligible

b Tip 35
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and melting peaks for the amorphous phase and there was only
a melting peak for the crystalline phase. The Glass Transition
Temperature and the Melting Temperature exhibited the same
values for both phases. Tg and Tm, also, are very similar to those
observed in the pellet indicating no degradation had occurred
in the manufacturing process, neither in the crystallization step.
The degree of crystallization calculated from the analysis of the
thermograms is negligible for the amorphous region in all the
samples, whereas for the crystalline phase, in the case of both
protocols adopted, “a” and “b,” the values were between 30 and
35% (Table 1). In all the biphasic samples, the crystallization
degree reached in the annealing step was then close to the
maximum achievable for this grade of PLA when crystallized
from the molten state.

During hydrolysis a small piece from each region of the
sample was analyzed by calorimetry with the same protocol used

FIGURE 8 | DSC curves of amorphous zone of biphasic samples at different

time of degradation.

FIGURE 9 | DSC curves of crystalline zone of biphasic samples at different

time of degradation.

for the sample 0 days. Figures 8, 9 show the DSC curves obtained
from the amorphous zone and the crystalline one respectively. In
both cases, the Tg is clear only in the case of the sample 0 days
whereas it is not detectable from hydrolyzed samples. Before the
hydrolysis, the melting temperature is 169.3◦C for the crystalline
zone and 167.3◦C for the amorphous zone. After 40 days of
hydrolysis in both regions it is 156.8◦C.

The evolution of the crystallinity degree with the time of
hydrolysis is reported in Figure 10. As expected, an increase
in the crystallinity degree was observed. This result could
be due to the erosion of the amorphous regions and the
crystallization of the amorphous ones. As the hydrolysis proceeds
the crystallization is more fast in the amorphous region than in
the crystalline one. The difference in crystallization rate probably
indicates a slower degradation of the crystalline zone with respect

FIGURE 10 | Evolution of degree of crystallinity during hydrolysis of

micro-injected biphasic PLA sample (amorphous gate, crystalline tip).

FIGURE 11 | Evolution of number average molecular weight (Mn) during

hydrolysis of micro-injected biphasic PLA sample (amorphous gate,

crystalline tip).
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FIGURE 12 | Example of evolution of the force vs. displacement in the two zones (amorphous and crystalline) of the same hydrolyzed sample for which the break is

observed.

to the amorphous one. After 25 days of hydrolysis, however, no
significant difference can be observed between the values of the
Xc of the two morphologies.

Molecular Weight
Figure 11 shows the evolution of the number average molecular
weight (Mn) as the hydrolysis of micro-injected biphasic PLA
samples proceeds. No differences in the evolution of Mn as the
hydrolysis proceeds: after 35 days we can see that Mn for the
crystalline zone is a slightly higher than for the amorphous
zone. The analysis of the evolution in time of Mn, and the

molecular weight of the repeating unit permitted evaluating
the kinetic constant of the hydrolysis process, k’= k×ρ/M,
where ρ is the density of the polymeric part (about 1.21
Kg/m3), M is the molecular weight of the repeating unit
(72 g/mol for the PLA 4032D) (Gorrasi and Pantani, 2013).
The value k’ represents the kinetic constant of the process
of hydrolysis:

k
′

=−

d ln (Mn- M)

dt

The kinetic constants calculated by the evolution of the average
molecular weight in each region gave a value of 0.086 days−1 for
the amorphous and a value of 0.081 days−1 for the crystalline
zone showing a small difference between the two regions.
This could be ascribed to the process used to produce the
samples: the high shear imposed by the micro-injection molding
could have generated precursors of crystallites that easily grew
once the hydrolysis began. Dimensions and arrangement of
the crystalline structure as well as a different orientation from
the gate to the tip of the sample probably have an effect on
the process highlighting the need for future investigations on
the phenomenon.

FIGURE 13 | Evolution of force at break during hydrolysis of micro-injected

biphasic PLA sample (amorphous tip, crystalline gate).

Mechanical Tests
The resistance to the penetration was evaluated with the
time of the hydrolysis. In each region of the sample, the
mechanical test gave the force applied and the corresponding
displacements (Figure 12). The maximum force applied was
7N. Observing the Figure 13, it is evident that up to 12 days,
no fracture was detected in either phase. After 19 days, the
sample did not withstand the force applied and broke. As
the hydrolysis proceeds a decreasing mechanical stresses was
needed to break the sample. For the crystalline phase the
force at break is slightly higher than the one noticed in the
amorphous phase.
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CONCLUSIONS

In this work, biphasic samples of PLA were obtained by micro-
injection molding. For this purpose a new dynamic mold
temperature control system for rapid heating and cooling of
the mold was used. The system allowed filling a microcavity
and produce bars with a thickness of 0.25mm. Half bar, after
the injection, was kept at 105◦C for 500 s to permit a rapid
crystallization. The biphasic samples were then hydrolyzed.
The hydrolysis process was monitored by considering: the
evolution of the degree of crystallinity of the samples by means
of the differential scanning calorimetry technique (DSC), the
evolution of the molecular weights by means of gel permeation
chromatography (GPC), changes in mechanical behavior. For all
the sample, in both morphologies, Xc increases as the hydrolysis
proceeds. The value of Xc of the crystalline phase, increases more
slowly than the Xc of the amorphous phase as the hydrolysis
proceeds: this probably indicates a slower degradation of the
crystalline zone than of the amorphous zone. The molecular
weights decrease for both zones of the two samples. We could

observe a slightly slower reduction of Mn with time for the
crystalline regions with respect to the amorphous ones as the
hydrolysis proceeds. On analyzing the mechanical tests the
amorphous zone showed higher frangibility than the crystalline
revealing that the crystalline regions present a slightly better
resistance to the hydrolysis.
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