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The melt-crystallization, cold-crystallization, melting behaviors, thermal stability, and optical properties of poly(L-lactic
acid) (PLLA) nucleated by a phenylacetic hydrazide derivative (DAPH) were investigated. The melt-crystallization
confirmed DAPH’s heterogeneous nucleation role in improving PLLA’s poor crystallization capability, concurrently
DAPH loading, cooling rate and final melting temperature were three key factors affecting PLLA’s melt-crystallization
behaviors. The results from cold-crystallization indicated that the addition of DAPH could accelerate PLLA’s cold-
crystallization via cold-crystallization peak’s shift toward the lower temperature side as DAPH loading increased. Through
analysis of PLLA/DAPH’s multiple melting behaviors after melt-crystallization, it was found that DAPH loading, the
previous melt-crystallization and heating rate determined PLLA/DAPH’s melting processes after melt-crystallization; and
PLLA/DAPH’s melting processes after isothermal crystallization depended on the previous crystallization temperature. A
drop in thermal decomposition temperature for 5 wt.% mass loss suggested that pure PLLA has better thermal stability
compared with PLLA/DAPH. Additionally, the introduction of DAPH could not improve PLLA’s transparency, in

contrast, the haze of PLLA was increased greatly owing to the existence of DAPH.
Keywords: poly(L-lactic acid), biodegradability, phenylacetic hydrazide, crystallization, transparency.

1. INTRODUCTION

In terms of solid waste, reducing the large-scale usage
of petroleum-based plastics is an important measure for
economic and environmentally sustainable development. To
achieve the aforementioned goal, major attention has been
shifted to biopolymers as alternatives to petroleum-based
plastics. Poly(L-lactic acid) (PLLA) is a semi-crystalline
polyester derived from renewable resources like corn,
potato, starch and sugarcane [1, 2], and the advantages of
PLLA, including biodegradability [3], compatibility [4],
transparency [5], good processability [6] and non-toxic for
the human body and the environment [7], has obtained
increasing attention in the fields of disposable products [8],
biomedicine [9-11], electronic device [12-14],
automobile industry [15—17], For instance, PLLA was used
as a base polymer to load and deliver the topical antibiotic,
neomycin. The in vitro dissolution firstly exhibited first-
order release kinetics for neomycin, followed by diffusion-
controlled release after releasing for 20 h, and the ability to
load neomycin onto PLLA increases threefold with
molecular weight of polyethylene glycols coating
decreasing from 20 kDa to 400 Da. This study exhibited
potential applications in dermal regeneration and tissue
engineering [18].

However, due to the limitation of some shortcomings
like slow crystallization rate, poor heat resistance,
brittleness, and high costs [19-21], numerous potential
applications of PLLA are greatly reduced. Thus, up to now,
a large number of studies need to be still performed to
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improve PLLA’s performance by adding functional
additives or blending with other polymers. Among these
defects, the slow crystallization rate affects not only
crystallinity of PLLA’s product but also thermal and the
mechanical properties [22], that is, obtaining PLLA
materials with high crystallinity in a short timescale process
such as injection moulding is a great challenge. For solving
the slow crystallization rate, adding a nucleating agent is
thought to be one of the most effective ways to accelerate
PLLA’s crystallization rate [22], because the role of a
nucleating agent is to decrease nucleation surface free
energy barrier via providing abundant heterogeneous nuclei
in polymer matrix to induce crystallization in higher
temperature region and at a faster cooling rate. Additionally,
the nucleating agent exhibits some advantages such as
simpler operation and usage, low dosage and significant
nucleation ability [23, 24]. Ma et al [25] investigated the
influence of different types of nucleating agents on PLLA’s
crystallization, in which 0.5 wt.% talc could shorten half-
time of crystallization of PLLA from 8 min to 1.2 min
during isothermal crystallization at 120 °C, and 0.5 min for
N, N-dibenzoyladipohydrazide, as well as 0.6 min for N, N-
(ethane-1, 2-diyl)bis(N-phenyloxalamide). Li et al [26]
reported that a furan-phosphamide derivative POCFA was
used to be a nucleating agent for PLLA’s crystallization, and
the half-time of crystallization reduced by 80.2 % compared
to pure PLLA, shortened from 6.41 min to 1.27 min after
adding 5wt.% POCFA, moreover, the introduction of



POCFA improved PLLA’s tensile strength and flame
retardant.

According to structural analysis of the reported
nucleating agents for PLLA’S crystallization, nucleating
agents can be commonly classed into three categories [27],
they are inorganic nucleating agents, organic small
molecule nucleating agents and macromolecular nucleating
agents. Organic small molecule nucleating agents, in
comparison to inorganic nucleating agents or organic
macromolecular nucleating agents, possess a remarkable
advantage of flexible molecular structure construction, and
some common structures like amide, benzene and alkyl
chain are concluded as basic structures for promoting
PLLA’s crystallization. Thus many new organic compounds
were synthesized to serve as a nucleating agent, or some
existing commercial organic small molecule compounds
were selected to evaluate their possibility as a nucleating
agent for PLLA, these typical organic small molecule
nucleating agents include benzoylhydrazine derivatives [28,
29], oxalamide derivatives [30, 31], 1H-benzotriazole
derivatives [32, 33], urea compounds [34, 35], D-sorbitol
[8], etc.

Even so, developing more efficient organic small
molecule nucleating agent is still expected to meet
increasing industrial requirements. To achieve the
aforementioned purpose, more organic small molecule
compounds with different structures need to be developed
to evaluate their nucleation ability during PLLA’s
crystallization. In this work, a phenylacetic hydrazide
derivative with decyl (DAPH), derived from phenylacetic
hydrazide and dodecanedioic acid, was synthesized to serve
as an organic small molecule nucleating agent for PLLA’s
crystallization. The detailed crystallization processes,
melting behaviors, thermal decomposition and optical
properties of PLLA modified by DAPH were investigated
by differential scanning calorimeter (DSC), thermal
gravimetric analyzer (TGA) and transmittance meter. This
work may be beneficial for further understanding the
structure activity relationship of molecular structure with
nucleation effect, and providing a reference for developing
efficient commercial nucleating agents for PLLA.

2. EXPERIMENTAL
2.1. Reagents and materials

To synthesize DAPH, two main chemical reagents
phenylacetic hydrazide and dodecanedioic acid were
purchased from Shanghai Titan Scientific Co., Ltd. Other
chemical reagents, including N, N-Dimethylformamide
(DMF), thionyl chloride, and pyridine, were obtained from
Chongging Huanwei Chemical Company. All chemical
reagents were directly used without further purification.
PLLA in this work was produced by Nature-Works LLC,
and the trade name was 4032D.

2.2. Synthesis of DAPH and preparation of
PLLA/DAPH

DAPH was synthesized in our lab, and the typical
synthetic route includes two reaction steps as shown in
Fig. 1, they are the acylation reaction of dodecanedioic acid
and the amination reaction of phenylacetic hydrazide with
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dodecanedioyl dichloride. The detailed synthetic operation
was similar to our previous works [36, 37], and the final
khaki DAPH was dried over night at 45 °C under a vacuum
to thoroughly remove residual water. Fourier Transform
Infrared Spectrometer (FT-IR) »: 3209.9, 3031.9, 2923.5,
2851.2, 1653.6, 1596.8, 1486.6, 1454.4, 1437.8, 1221.5,
1168.8, 939.4, 724.2, 695.5 cm™. 'H Nuclear Magnetic
Resonance (*H NMR) &: ppm; 10.01 (s, 1H, NH), 9.75 (s,
1H, NH), 7.22~7.33 (m, 5H, Ar), 3.36~3.45 (d, 2H, CHy),
2.07~2.11 (t, 2H, CHy), 1.48~1.49 (d, 2H, CH>), 1.23 (s, 8H,
CHy). In addition, the geometry optimization of DAPH was
carried out by Dmol3 calculation, and DAPH’s optimized
geometry structure and total electron density are displayed
in Fig. 2.
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Fig. 1. Synthetic route of DAPH
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Fig. 2. Optimum geometry and total electron density of DAPH

The blend of PLLA and DAPH was performed in a
counter-rotating mixer at 190 °C and a rotor speed of 32 rpm
for 7min and 64 rpm for 7 min, after that, the mixture
containing various amounts of DAPH (0.4, 0.8, 1.5 and
3 wt.%) were obtained, and the corresponding modified
PLLA were labeled as PLLA/0.4%DAPH,
PLLA/0.8%DAPH, PLLA/1.5%DAPH and
PLLA/3%DAPH, respectively. Then all the mixture were
converted into sheets with 0.4 mm thickness by pressing at
10 MPa and 180 °C for 5 min and then naturally cooled to
room temperature.

2.3. Characterization and performance testing

Structure characterization. The molecular structure of
DAPH was characterized by 'H NMR (AVANCE 400MHz,
Bruker, USA) and FT-IR (iS50, Thermo Fisher Scientific,
USA). For 'H NMR characterization, the spectra were
referred to tetramethylsilane, and the deuterium reagent for
dissolving DAPH was dimethyl sulfoxide. For FT-IR
characterization, the traditional KBr pellet was used to
prepare the DAPH testing sample, and the mixing mass ratio
of KBr and DAPH was 150:1 before tableting, and the
testing wavenumber was from 4000 cm* to 400 cm™.

Performance testing. All testing samples for DSC, TGA
and optical properties were obtained by cutting the sheets



with 0.4 mm thickness. The crystallization and melting
processes of pure PLLA and PLLA/DAPH were recorded
by DSC (Q2000, TA instruments, USA) with 50 mL/min
nitrogen. Although the detailed testing conditions are
different, eliminating heat history and calibrating
temperature and heat flow were carried out to ensure the
same testing level. TGA (Q500, TA instruments, USA) was
employed to record the effect of DAPH on PLLA’s thermal
stability in the air, and the testing temperature region was
from room temperature to 650 °C at a heating rate of
5°C/min. The light transmittance of pure PLLA and
PLLA/DAPH were tested via a light transmittance meter
(DR82, Donru Electronic Technology, China), and for a
given sample, the average value of light transmittance was
obtained through 5 times measurements.

3. RESULTS AND DISCUSSION
3.1. Melt-crystallization behavior

The goal of this study was to develop a new organic
small molecule nucleating agent, therefore a comparative
study on the melt-crystallization behavior of pure PLLA and
PLLA/DAPH was first performed to evaluate DAPH’s role.
Fig. 3is DSC thermograms of pure PLLA and PLLA/DAPH
from the melt of 190 °C to 40 °C at a cooling rate of
1 °C/min. Compared to the DSC curve of pure PLLA, the
DSC curve of any PLLA/DAPH exhibits an obvious and
sharp melt-crystallization peak, there is no doubt that this
difference depends on the effect of DAPH. For pure PLLA,
on the one hand, poor nucleation ability prevents nuclei not
being formed in the high temperature region, resulting in an
extremely slow nucleation rate; on the other hand, the rigid
structure of the PLLA molecular chain leads to its poor
mobility in cooling, which seriously restricts PLLA crystal
growth. Thus, pure PLLA can almost not form any crystal
in cooling at 1 °C/min. In contrast, the existence of DAPH
can provide abundant heterogeneous nuclei in the PLLA
matrix, resulting in a very fast nucleation rate to promote
nuclei to grow into crystals as soon as possible in the related
high temperature region. As a result, an obvious and sharp
melt-crystallization peak appears in DSC thermograms. In
addition, Fig. 3 also displays the effect of DAPH loading on
PLLA’s melt-crystallization. It can be observed that
PLLA/0.4%DAPH has the highest onset crystallization
temperature (Toc) of 136.7 °C and melt-crystallization peak
temperature (Tmc) of 131.4 °C, as well as the largest melt-
crystallization enthalpy (4H) of 50.9J/g. However,
PLLA/0.4%DABP exhibits a relatively wide melt-
crystallization peak, meaning a relatively slow
crystallization rate. Usually, the sharper the melt-
crystallization peak is, the faster the crystallization rate is.
With the increase of DAPH concentration from 0.4 wt.% to
1.5 wt.%, the width of the melt-crystallization peak visibly
becomes narrow, indicating a faster crystallization rate. But
when further increasing DAPH loading from 1.5 wt.% to
3wt.%, the melt-crystallization peak exhibits an
insignificant change in peak shape and position. In a word,
the presence of DAPH as heterogeneous nuclei significantly
accelerate  PLLA’s crystallization, and when DAPH
concentration is less than 1.5wt.%, PLLA/DAPH can
achieve the fastest crystallization rate.
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Fig. 3. Melt-crystallization DSC curves of pure PLLA and
PLLA/DAPH from the melt of 190 °C to 40 °C at a cooling

rate of 1 °C/min

A higher cooling rate is often expected to meet the
requirements of industrial manufacturing, thus, the melt-
crystallization behaviors at higher cooling rates were further
studied by DSC. Fig.4 shows DSC thermograms of
PLLA/DAPH from the melt of 190 °C to 40 °C at different
cooling rates.
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Fig. 4. DSC curves of PLLA/DAPH from the melt of 190 °C to
40°C at different cooling rates: a—10°C/min;
b—20 °C/min

It is very clear that when increasing cooling rate from
10 °C/min to 20 °C/min, a given PLLA/DAPH evokes
serious decrease in crystallization ability by analyzing
phenomena that the melt-crystallization peak shifts toward
the lower temperature side and becomes wider, suggesting
that an increase of cooling rate leads to the delayed
crystallization process [38], the reason is that the lagging
response of PLLA segments mation to action frequency and
rate of temperature variability. And this effect of cooling



rate on melt-crystallization can be easily found in other
systems like PLAJ/cellulose fibres [39], PLA/talc [40],
PLA/NT-20 [40], PLLA/BSAD [41], PLA/graphene [42],
etc. It should be also noted that, when the cooling rate is the
same, a larger amount of DAPH has an inhibition for
decrease of crystallization ability, because PLLA containing
a larger amount of DAPH exhibits a higher melt-
crystallization peak temperature, and the effect of cooling
rate on the melt-crystallization enthalpy is relatively small,
even when the cooling rate is 20 °C/min, PLLA/3%DAPH
has still the 4H of 31.0 J/g. Although an increase in cooling
rate weakens the crystallization ability of PLLA/DAPH, the
melt-crystallization peaks of all PLLA/DAPH are still very
obvious, confirming DAPH’s powerful crystallization
promoting ability for PLLA again.

In the melt-crystallization section, the final melting
temperature (Ty) is another important influence factor for
crystallization, because both DAPH’s solubility in PLLA
and the content of undissolved DAPH are dependent on T,
and the undissolved DAPH and DAPH’s solubility
determine nuclei density and interaction of PLLA molecular
chain with DAPH respectively, finally affecting PLLA’s
crystallization. The effects of T; from 170 °C to 210 °C on
melt-crystallization processes of PLLA/DAPH were
presented in Fig. 5. As shown in Fig. 5, differing from other
Tt, when the Tris 170 °C, any a given PLLA/DAPH exhibits
a very wide melt-crystallization peak, indicating a relatively
slow crystallization rate and the fact that a low Tt is not
conducive to the promotion of crystallization rate because
of the decline of migration ability of PLLA molecular chain
in low temperature region. According to crystallization
process analysis, the appearance of a wide melt-
crystallization peak is thought to be probably due to the slow
crystal growth rate, because the existence of DAPH must
possess a fast nucleation rate. What is worse, upon cooling
from the T;of 170 °C, PLLA containing a higher DAPH
concentration exhibits a wider melt-crystallization peak,
even the difference between Toc and T is up to 8.7 °C for
PLLA/3%DAPH, the reason is that the mobility of PLLA
molecular chain is inhibited by the excessive DAPH.
However, the fact, that any PLLA/DAPH possesses the
highest Toc and T, should not be ignored, meaning that the
Tt of 170 °C can cause crystallization to occur in higher
temperature regions. When further increasing Tr, overall the
melt-crystallization peak firstly becomes narrow, and then
becomes wide. When the T; is 190 °C, apart from
PLLA/0.4% DAPH, other PLLA/DAPH exhibit the sharpest
melt-crystallization peak, showing the fastest crystallization
rate.

3.2. Cold-crystallization behavior

The cold-crystallization heating processes of
PLLA/DAPH were recorded to explore the effect of DAPH
and its loading on PLLA’s cold-crystallization behavior in
depth. As described in the characterization and performance
testing section, to ensure that the cold-crystallization test
starts from the amorphous state, any PLLA/DAPH was
quenched from the melt of 190 °C to 40 °C to reach the
amorphous state, and then heated to 180 °C at the heating
rate of 1 °C/min. As displayed in Fig. 6, DAPH loading is
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In Fig. 6, the cold-crystallization peak temperatures of
PLLA/0.4%DAPH, PLLA/0.8%DAPH, PLLA/1.5%DAPH
and PLLA/3%DAPH are obtained, and the values for
PLLA/0.4%DAPH, PLLA/0.8%DAPH, PLLA/1.5%DAPH
and PLLA/3%DAPH are around 87.8 °C, 86.9 °C, 85.7 °C
and 83.5 °C, respectively, shifting to lower temperature side
as DAPH concentration increased, which implies that the
DAPH can accelerate PLLA’s cold crystallization, the
similar results can also be found in PLLA/ovi-POSS [43],
PLLA/NES [44] and PLLA/uracil [45].

Additionally, the difference in the resulting melting
point of all PLLA/DAPH is almost negligible as shown in
Fig. 6. However, the area of melting peak is relatively larger
for PLLA/3%DAPH, as compared to PLLA containing a
lower DAPH loading, overall this is because of the more
crystals formed during the quenching and heating processes.
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Fig. 6. DSC curves recorded in cold crystallization at a heating rate

of 1 °C/min for PLLA/DAPH
3.3. Melting process

The heating curves of PLLA/DAPH after melt-
crystallization at 1°C/min are shown in Fig.7. The
influences of the heating rate on PLLA/DAPH’s melting
processes are visible, and either the single or double melting
peaks can be observed. When the heating rate is higher than
5 °C/min, the double melting peaks cannot be observed, and
the melting peak becomes wider as the heating rate further
increases, this is mainly attributable to the influence of
thermal inertia. Whereas PLLA/DAPH’s melting behaviors
exhibit very large difference when reducing the heating rate
to below 5 °C/min; on one hand, the double melting peaks
appear, and the double melting peaks mainly stem from
PLLA containing a relative high DAPH loading; on the
other hand, a drop in heating rate can accelerate PLLA with
a relatively low DAPH loading to form double melting
peaks, and for a given PLLA/DAPH, the slower the heating
rate is, the more obvious the double melting peaks become,
that is, the double melting peaks depend on the heating rate
under this circumstance and high-temperature side melting
peak with low-temperature side melting peak gradually
merged into the single melting peak with increasing heating
rate. Additionally, at a given heating rate, the appearance of
high-temperature side melting peak is related to DAPH
loading, in other words, the higher DAPH loading is, the
more obvious PLLA/DAPH’s high-temperature side
melting peak exhibits. However, it is also the fact that
PLLA/0.4%DAPH only exhibits a single melting peak at all
heating rates, meaning that a low DAPH loading cannot
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Fig. 7. DSC curves in melting processes at different heating rates
after cooling at 1 °C/min for PLLA/DAPH: a—1 °C/min;
b—2 °C/min; c—5 °C/min; d—10 °C/min; e—20 °C/min

Further, PLLA/DAPH’s melting behaviors after going
through different melt-crystallization via changing the rate
were studied. Fig.8 presents PLLA/DAPH’s melting
processes at different heating rates that corresponded to the
rates of melt-crystallization at different cooling rates (1, 2,
3,5and 10 C/min). Itis clear that an increase in rate causes
high-temperature side melting peak appeares and becomes
more and more obvious, the reason is that an increase in
cooling rate cannot make PLLA macromolecular segments
form a regular structure, leading to the appearance of small
and imperfect crystals in melt-crystallization cooling stage,
and these small and imperfect crystals can recrystallize
during heating, as a result, the melt of these recrystallized
crystals only occurred at a higher temperature.
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Fig. 8. DSC curves in melting processes at different heating rates
corresponding to the rate of melt-crystallization at different
cooling rates for PLLA/DAPH: a—1 °C/min; b—2 °C/min;
¢—3 °C/min; d—5 °C/min; e—10 °C/min

In addition, the slow rate is conducive to crystal growth
which can be evidenced by the sharper melting peaks,
because the more perfect the crystals are, the sharper the
melting peak is, and the shorter the melting range is.
PLLA/DAPH’s melting processes at a heating rate of
10 °C/min after isothermal crystallization were also
recorded as seen in Fig.9. The crystallization time of
180 min can ensure sufficient crystallization. Fig. 9 focuses
on the evaluation of the influence of crystallization
temperature (Tc) on PLLA/DAPH’s melting processes. With
the reduction of T, from 140 °C to 115 °C, the melting
enthalpy of any PLLA/DAPH gradually decreases,
suggesting that crystallinity significantly depends on T,
because a higher melting enthalpy often represents higher
crystallinity. Specifically, the decrease of the melting



enthalpy is from 60.3 J/g to 50.3 J/g for PLLA/3%DAPH,
from 59.9J/g to 49.1J/g for PLLA/1.5%DAPH, from
57.4 J/g to 47.8 J/g for PLLA/0.8%DAPH and from 59.5 J/g
to 50.1 J/g for PLLA/0.4%DAPH, respectively.
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Fig. 9. Melting curves of PLLA/DAPH at a heating rate of
10 °C/min after isothermal crystallization at different Tc:
a—140 °C for 180 min; b—135 °C for 180 min; c—130 °C
for 180 min; d-125°C for 180 min; e-120°C for
180 min; f—115 °C for 180 min

T T
120 130

Additionally, it can be seen from Fig. 9 that, when T is
115 °C, the double melting peaks appear indicating that
there are regenerated crystals during heating. However, only
the single melting peak appears, when T. is higher than
115°C, additionally, the melting peak of a given
PLLA/DAPH shifts toward the lower-temperature side as T
decreases, meaning that a higher T results in that the melt
of crystals formed in isothermal crystallization stage occurs
at the higher temperature. The reason may be that, when
PLLA/DAPH was crystallized at a higher T, the formation
of more crystals with more perfect crystallite structure
becames easier, and the recrystallization during heating
becames more difficult, finally resulting in the appearance
of the single melting peak located at the higher temperature.
In contrast, a low T, restricts the mobility of the PLLA
segment, leading to the appearance of smaller crystals with
more defective crystallite structure, and it is easier for the
recrystallization to occur during heating, as a result, the
behavior for double melting peaks occurs. These results
also indicate that double melting peaks in this study
are attributed to melt-recrystallization mechanism [46].

3.4. Thermal stability and optical properties

DAPH’s thermal stability determines the existential
form of DAPH in the PLLA matrix and its effect on PLLA’s
thermal decomposition. Thus, it is necessary to investigate
the thermal decomposition processes of DAPH, PLLA and
PLLA/DAPH in air as shown in Fig. 10. Upon heating at
5 °C/min, the TGA curve of DAPH exhibits three main



thermal decomposition stages, and the thermal
decomposition temperature for 5 wt.% mass 10ss (Tgse) Of
DAPH is 213.6 °C, which is higher than the blending
temperature of PLLA with DAPH, showing that ADPH as a
single phase in PLLA matrix accelerate PLLA’s
crystallization after melting blend. Compared to the other
two thermal mass loss stages, the first decomposition stage
of DAPH has more than 50 % thermal mass loss. Whereas
pure PLLA and four PLLA/DAPH samples exhibit one
thermal decomposition stage, indicating that the addition of
DAPH cannot almost change the thermal decomposition
profile of PLLA, resulting from a relatively low DAPH
loading in the PLLA matrix. Meantime, this thermal
decomposition stage occurs in the temperature region from
270 °C to 370 °C, which originates from the chain scissions
of ester groups and combustion [47]. Additionally, the Tgse
of pure PLLA, PLLA/0.4%DAPH, PLLA/0.8%DAPH,
PLLA/1.5%DAPH and PLLA/3%DAPH are obtained from
Fig. 9, they are 320.8°C for pure PLLA, 316.4 °C for
PLLA/0.4%DAPH, 316.5 °C for PLLA/0.8%DAPH,
310.9°C for PLLA/1.5%DAPH and 300.4°C for
PLLA/3%DAPH, respectively. Through Tosy analysis, it is
found that Tgsy in general decreases with an increase in
DAPH loading, two probable reasons are used to explain
this result, one reason is the relatively low decomposition
temperature of DAPH, and another reason is that PLLA
containing a higher DAPH loading must possess more
defects due to more or less incompatibility of PLLA with
DAPH, and these defects are firstly destroyed in heating.

100
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Fig. 10. TGA curves of DAPH, pure PLLA and PLLA/DAPH

Excellent transparency is one of the advantages of
PLLA [5, 48], but blending with polymer or functional
additives often affects PLLA’s transparency. Fig. 11
displays PLLA and PLLA/DAPH’s light transmittance, it is
clear that the light transmittance continuously decreases as
DAPH increases, even PLLA/3%DAPH is almost opaque.
The main reason is proposed to be due to the effect of khaki
DAPH; in addition, accelerating crystallization during
processing may also decrease light transmittance because of
an increase in crystallinity. Usually, crystallization can
increase the refractive difference in a crystalline region with
the amorphous region, and it is easy to refract and reflect at
the interface, as a result, the light transmittance decreases.
Upon the addition of 0.4 wt.% DAPH, there is a maximum
drop of 26.0 % in light transmittance, but the drop gradually
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decreases from 26.0 % to 13.5 % with increasing DAPH
concentration as seen in Fig. 11.

80
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30 |

204 &

Fig. 11. Light transmittance of pure PLLA and PLLA/DAPH

4. CONCLUSIONS

In this study, DAPH could improve PLLA’s poor
crystallization ability by providing a heterogeneous
nucleation site, overall DAPH loading and cooling rate
exhibited the opposite effect on PLLA’s melt-
crystallization. Through comparative analysis of Toc and T
during melt-crystallization, the Trof 190 °C was thought to
be conducive to promote PLLA’s crystallization.
Additionally, the addition of DAPH could accelerate
PLLA’s cold-crystallization, which be evidenced by the fact
that the cold-crystallization peak shifted toward lower-
temperature side and a cold-crystallization peak temperature
decreased with increasing DAPH loading. PLLA/DAPH’s
melting processes after melt-crystallization greatly
depended on the previous melt-crystallization, and a
decrease in heating rate could cause double melting peaks
to form; whereas PLLA/DAPH’s melting behaviors after
sufficient crystallization showed that T. played a very
important role in the following melting processes, because
T, significantly affected PLLA’s isothermal crystallization
behavior. The thermal decomposition curves of
PLLA/DAPH exhibited one thermal decomposition stage as
pure PLLA, but the existence of DAPH weakened PLLA’s
thermal stability due to the drop in Tesw. An increase of
PLLA/DAPH’s haze, in comparison to pure PLLA, was
thought to be resulting from DAPH’s color itself and an
increase of crystallinity.
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