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Thermal and mechanical properties of poly(L-lactic
acid) nucleated with N, N’-bis(phenyl)
1,4-naphthalenedicarboxylic acid dihydrazide
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Abstract: The modified poly(L-lactic acid) (PLLA) with different contents (0.5-3 wt %) of N, N -bis(pheny]l)
1,4-naphthalenedicarboxylic acid dihydrazide (NAPH) were prepared to evaluate effects of NAPH on
melt-crystallization behavior (DSC), thermal degradation (TGA) and mechanical properties of PLLA.
The melt-crystallization results demonstrated that NAPH as a heterogeneous organic nucleating agent
enhanced crystallization ability of PLLA in cooling, and PLLA/1%NAPH had the best crystallization
ability because of the highest onset crystallization temperature and the sharpest melt-crystallization
peak. However, melt-crystallization behavior also depended on the cooling rate and final melting tem-
perature, overall, a relative slow cooling rate and low final melting temperature were beneficial for
crystallization of PLLA. The cold-crystallization results indicated that NAPH had an inhibition for
cold-crystallization process of PLLA, and the cold-crystallization peak shifted towards lower tempera-
ture and became wider with an increase of NAPH concentration. The different melting behaviors of
PLLA/NAPH after melt-crystallization and isothermal-crystallization efficiently reflected the accelerat-
ing role of NAPH for PLLA crystallization; the double melting peaks formed in heating were thought
to result from melting-recrystallization, as well as that a higher crystallization temperature could cause
melting peak to appear in higher temperature regions and possess larger melting enthalpy. A compara-
tive analysis on thermal degradation in air illustrated that the addition of NAPH accelerated decompo-
sition of PLLA, but a decrease of onset decomposition temperature was inhibited by the probable inter-
action of PLLA with NAPH. Moreover, the tensile test showed that NAPH decreased tensile modulus
and elongation at break of PLLA, whereas PLLA with low concentration of NAPH had higher tensile
strength than pure PLLA.

Keywords: poly(L-lactic acid), phenyl hydrazine, nucleation effect, non-isothermal crystallization,
mechanical properties.

Wiasciwosci termiczne i mechaniczne poli(kwasu L-mlekowego) zarodkowa-
nego dihydrazydem kwasu N,N’-bis(fenylo) 1,4-naftalenodikarboksylowego

Streszczenie: Poli(kwas L-mlekowy) (PLLA) modyfikowano dodatkiem 0,5-3 % mas. dihydrazydu
kwasu N,N*-bis(fenylo) 1,4-naftalenodikarboksylowego (NAPH). Zbadano wptyw NAPH na topnienie
i krystalizacje (DSC), degradacje termiczna (TGA) i wtasciwosci mechaniczne PLLA. Analiza procesu
krystalizacji ze stanu stopionego modyfikowanego PLLA wykazata, ze NAPH, jako heterogeniczny or-
ganiczny $rodek zarodkujacy, zwiekszal zdolnos¢ do krystalizacji PLLA podczas chlodzenia, a probka
PLLA/1% NAPH charakteryzowata sie¢ najwyzsza temperatura poczatku krystalizacji i najostrzejszym
pikiem krystalizacji ze stanu stopionego. Przebieg procesu krystalizacji zalezat rowniez od szybkosci
chlodzenia i koficowej temperatury topnienia probki. Wzglednie mata szybkos¢ chtodzenia i niska kon-
cowa temperatura topnienia byty korzystne dla procesu krystalizacji PLLA. Analiza procesu zimnej
krystalizacji wskazata, ze obecnos¢ NAPH hamowata zimna krystalizacje PLLA, jej pik przesuwata
w kierunku nizszych wartosci temperatury, a wraz ze wzrostem stezenia NAPH pik stawat si¢ szerszy.
Rézny przebieg proceséw topnienia PLLA/NAPH po krystalizacji ze stanu stopionego i krystalizacji
izotermicznej odzwierciedla przyspieszajaca role NAPH w krystalizacji PLLA. Autorzy uwazaja, ze
podwdjne piki topnienia powstajace podczas ogrzewania wynikaja z zachodzacego procesu topnie-

D Chongqing Key Laboratory of Environmental Materials & Remediation Technologies, Chongqing University of Arts and
Sciences, Chongqing-402160, P.R. China.
* Author for correspondence: mci651@163.com



POLIMERY 2021, 66, nr 4

235

nia-rekrystalizacji, a takze, Ze wyzsza temperatura krystalizacji moze by¢ przyczyna pojawienia si¢
piku topnienia w obszarach wyzszej temperatury i zwiekszenia entalpii topnienia. Analiza poréwnaw-
cza rozktadu termicznego w atmosferze powietrza wykazata, ze dodatek NAPH przyspieszyt rozklad
PLLA, ale prawdopodobne oddziatywanie PLLA z NAPH wplyneto na zmniejszenie temperatury po-
czatku rozktadu. Ponadto, dodatek wiekszej ilosci NAPH spowodowat zmniejszenie modutu sprezy-
stosci przy rozciagganiu i wydtuzenia przy zerwaniu PLLA, jednak PLLA zawierajacy niewielka ilos¢
NAPH wykazywal wieksza wytrzymalos¢ na rozcigganie niz niemodyfikowany PLLA.

Stowa kluczowe: poli(kwas L-mlekowy), fenylohydrazyna, efekt zarodkowania, krystalizacja nieizoter-

miczna, wlasciwoéci mechaniczne.

Among environment-friendly polymeric materials,
poly(L-lactic acid) (PLLA) as one of the biobased polymer
leading products has gained the most attentions because
of its insightful advantages including biodegradability
[1], excellent biocompatibility [2], renewable resource [3],
good transparency [4], as well as environmental friend-
liness of PLLA decomposition products [5]. These fea-
tures endow PLLA with promising usages in medical [6,
7], mulch film [8, 9], packaging [10-13], electronic fields
[14, 15]. Unfortunately, PLLA itself has some inherent de-
fects in terms of low heat distortion temperature, slow
crystallization rate and low crystallinity [16-18], affect-
ing industrial process of PLLA products and application
in more demanding fields such as electronics enclosures
and automotive interior parts [16]. Clearly, exploring the
key constraint is very important to overcome aforemen-
tioned disadvantages, through the relative analysis, it is
found that crystallization rate during injection molding
determines heat resistance and crystallinity of the result-
ing products. Whereas PLLA's crystallization rate is very
slow due to rigid segment in its main chain, resulting in
low crystallinity and poor heat resistance. To overcome
this issue of slow crystallization rate, great efforts have
been made to accelerate crystallization of PLLA. It is well-
known that four main approaches to enhance crystalli-
zation are composed of blending with plasticizer, adding
nucleating agent, minimizing amount of D-lactide iso-
mers in PLLA and adjusting molding conditions [19, 20].
Adding nucleating agent, in comparison to other three
ways, is thought to be appropriate industrial way be-
cause of its low dosage, efficient nucleation, easy opera-
tion, etc. [21]. In terms of polymer crystallization, crys-
tallization process includes two stages of nucleation and
crystal growth, the incorporation of a nucleating agent as
heterogeneous nuclei can instantly promote nucleation
density in PLLA matrix to obtain fast nucleation rate,
further ensure possibility of crystal growth. As a result,
the addition of nucleating agent can induce crystalliza-
tion of PLLA to occur in higher temperature region, and
the crystallization rate is still accelerated at faster cooling
rate. Many compounds were adopted to enhance crystal-
lization performance of PLLA, such as talc [22-24], mont-
morillonite [25-27], sepiolite [28, 29], metal phenylphos-
phonate [30-32], nano-sized calcium carbonate [33-35],

zinc citrate [36], hydrazide compounds [37], sorbitol de-
rivative [38], oxalamide compounds [39, 40], etc.

Even then, the nucleation effect still needs to be fur-
ther promoted to meet requirements of industrial pro-
duction. Furthermore, the critical problem of nucleation
mechanism is indeterminacy, although the chemical nu-
cleation and epitaxial nucleation were proposed as mech-
anism of accelerating crystallization of nucleating agent
[41]. Thus, more efficient nucleating agents with differ-
ent structures were expected to reveal in depth the influ-
ence of key structures for PLLA’s crystallization. In the
most of works, amide and benzene are common struc-
tures of reported organic nucleating agents [42], showing
that ring rigid structure may be beneficial for nucleation
of PLLA, so adding more ring structures such as naph-
thalene and anthracene may further enhance nucleation
effect. According to aforementioned hypothesis, naphtha-
lene and amide were introduced into molecular structure
of nucleating agent in this work, and the

N,N’-bis(phenyl) 1,4-naphthalenedicarboxylic acid di-
hydrazide (NAPH) was synthesized to act as effective nu-
cleating agent for the crystallization of PLA. And then the
NAPH-nucleated PLLA was fabricated via melt-blending
method at various NAPH concentrations from 0.5 wt %
to 3 wt %. Finally, the crystallization, melting behavior,
thermal decomposition and mechanical properties of
NAPH-nucleated PLLA were investigated by the relative
testing technologies in detailed. This work may be help-
ful to both understand the structure-activity relationship
of organic structure with nucleation effect and develop
efficient organic nucleating agent.

EXPERIMENTAL PART
Materials

The commercial PLLA named 4032D was pro-
duced by Nature Works LLC of USA. And the analyt-
ical pure chemical reagents, including phenyl hydra-
zine, 1,4-naphthalenedicarboxylic acid, pyridine,
N,N’-dimethylformamide (DMF) and thionyl chloride,
were obtained from Chongqging Huanwei Chemical
Company of China to be used without purification to
synthesis NAPH.
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Scheme A. Synthetic route of NAPH

Synthesis of NAPH

The synthetic route of NAPH includes two step
chemical reactions as shown in Scheme A.

First, the 1,4-naphthalenedicarboxylic acid dichloride
was prepared as similar method as reported by literatures
[43, 44]. Then, the 0.02 mol 1,4-naphthalenedicarboxylic
acid dichloride was instantaneously added into the
mixed solution including 0.04 mol phenyl hydrazine,
150 cm® DMF and 6 cm?® pyridine. The aforementioned
mixed solution was stirred at room temperature for 1 h,
followed by heating up to 70°C, and held at 70°C for 5 h.
Finally, the resulting mixed solution was poured into
400 cm® water to obtained orange flocculent precipitate,
followed by filtrating and washing using water for three
times. Orange product was dried overnight at 45°C under
vacuum as well.

Fourier transform infrared spectrometry (FI-IR) v:
3432.1, 3227.6, 1666.7, 1647.8, 1615.6, 1600.4, 1589.1, 1522.2,
1494.3, 1428.4, 1384.0, 1350.7, 1305.2, 1249.8, 1208.1, 1172.7,
1153.0, 1123.5, 1073.6, 1027.6, 855.6, 820.0, 776.5, 752.9, 692.2,
630.8 cm™; 'H nuclear magnetic resonance ("H NMR) o:
10.42 (s, 1H, NH), 10.43 (s, 1H, NH), 7.21~8.24 (m, 5H, Py),
6.76~6.91 (m, 3H, Naphth) ppm.

PLLA/NAPH samples preparation

Mixtures of PLLA with various concentrations of NAPH
(0.5 wt %, 1 wt %, 2 wt % and 3 wt %) were prepared using a
counter-rotating mixer, and the relative samples were labeled
as PLLA/0.5%NAPH, PLLA/1%NAPH, PLLA/2%NAPH and
PLLA/3%NAPH, respectively. PLLA and NAPH needed to
be thoroughly dried before melt-blending to eliminate effect
of water on processing process of PLLA. The melt blending
temperature was set to be 190°C, and the rotation speed of
screw was set to be 32 rpm for 7 min, and 64 rpm for 5 min.
After melt-blending, the resulting mixture was further hot
pressed at 190°C and cool pressed at room temperature using

flat-panel curing press to obtain the related testing samples
with a thickness of 0.4 mm.

Methods of testing

The FT-IR and 'H NMR were employed to characterize
molecular structure of NAPH synthesized in the lab.

The FT-IR characterization was performed on a Nicolet
iS50 infrared spectrometer according to the conventional
KBr pellet, the wave number was from 4000 cm™ to
400 cm™.

For the 'TH NMR characterization, the NAPH was
dissolved in deuterated DMSO solvent, and the relevant
'H NMR spectrum was recorded by Bruker 400MHz
nuclear magnetic resonance instrument.

The non-isothermal crystallization and melting
behaviors were analyzed with TA Q2000 DSC with
50 cm®/min nitrogen, and the thermal history was
eliminated through heating up to different melting
temperatures for 3 min to ensure test at the same level.

The thermal decomposition processes of pure PLLA
and PLLA/NAPH samples were recorded by TA Q500
TGA with 60 cm®/min flowing air, and the testing
temperature ranged from 50°C to 650°C at a heating rate
of 5°C/min.

The tensile properties were carried out on D&G
DX-10000 electronic tensile tester at a crosshead speed of
1 mm/min, and the elongation at break, tensile strength
and tensile modulus were obtained through the average
value of three times tensile testing.

RESULTS AND DISCUSSION
Melt-crystallization process
The comparative analysis of non-isothermal melt-

-crystallization of pure PLLA and PLLA/NAPH was
conducted on DSC as seen in Fig. 1.



POLIMERY 2021, 66, nr 4

237

190°C
=— 1°C/min

PLLA/3.0% NAPH

PLLA/2.0% NAPH

o
&
PLLA/1.0% NAPH
PLLAN0.5% NAPH 702277777
PLLA Wit '
T T T T T T T T r - v
60 80 100 120 140 160 180

Temperature, °C

Fig. 1. DSC thermograms of the pure PLLA and PLLA/NAPH
from 190°C at a cooling rate of 1°C/min

Itis easy to observe that all PLLA/NAPH samples have
obvious melt-crystallization peaks in DSC thermograms
comparing with the invisible melt-crystallization peak of
pure PLLA, indicating that incorporating NAPH can sig-
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nificantly enhance crystallization ability of PLLA, the es-
sential reason is that NAPH as a heterogeneous organic
nucleating agent can reduce surface free energy of nucle-
ation to promote formation of nucleus and broaden tem-
perature range of crystallization, which is just the role of
nucleating agent [45, 46]. The aforementioned results also
reflect that it is very difficult for pure PLLA to crystallize
via homogeneous nucleation of PLLA itself in cooling. In
addition, Fig. 1 also displays the effect of NAPH contents
on melt-crystallization processes of PLLA. At the range
of NAPH concentration, the melt-crystallization behavior
of PLLA can be classified into three types. When NAPH
concentration is 0.5 wt % to 1 wt %, the melt-crystalliza-
tion peak drastically shifts toward the high-temperature
side; what is more, a very wide melt-crystallization peak
gradually becomes a narrow melt-crystallization peak
with increasing of NAPH concentration, showing that a
larger amount of NAPH is beneficial for nucleation and
crystallization of PLLA. When the NAPH concentration
is 1 wt % to 2 wt %, the melt-crystallization peak moves
toward the low-temperature side, correspondingly, the
onset crystallization temperature (T ), melt-crystalliza-
tion peak temperature (T ) and melt-crystallization en-

b
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Fig. 2. Melt-crystallization of PLLA/NAPH samples from the melt of 190°C at various cooling rates: a) 10°C/min, b) 20°C/min,

¢) 30°C/min
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thalpy (AH) decrease from 141.3°C, 138.6°C and 50.8 J/g
t0 139.3°C, 136.1°C and 49.1 J/g, respectively. When NAPH
concentration is further increased from 2 wt % to 3 wt %,
the melt-crystallization peak slightly shifts toward the
high-temperature side, but this effect is negligible com-
paring with the previous significant influence. Overall,
the PLLA/1%NAPH sample exhibits the best crystalliza-
tion ability because of the highest T and the minimum
difference between T and T .

It is well-known that the crystallization behavior
depends on not only additives such as nucleating agent
and plasticizer, but also on processing conditions like
the cooling rate and final melting temperature (T). As
aforementioned, the introduction of NAPH significantly
promoted crystallization of PLLA, but the cooling rate is
only 1°C/min, which is unacceptable to actual industrial
production. For this reason, the influence of cooling rate
on crystallization behavior of PLLA/NAPH samples was
investigated by DSC as shown in Fig. 2.

It is clear that, for a given PLLA/NAPH sample, a wid-
er melt-crystallization peak located in lower tempera-
ture region appears in the DSC thermograms when in-
creasing cooling rate, showing that influence of a faster
cooling rate on crystallization ability of PLLA/NAPH
sample is negative, which is attributed to the lagging re-
sponse of PLLA segments motion to action frequency and
rate of temperature variability. What is worse, when the
cooling rate is 10°C/min, the melt-crystallization peak of
PLLA/0.5%NAPH sample cannot almost be observed
in DSC curve, indicating that, in comparison to other
PLLA/NAPH samples, the PLLA/0.5%NAPH exhibits rela-
tive poor crystallization ability, which is consistent with the
previous DSC results. In contrast, when the cooling rate is
up to 30°C/min, other PLLA/NAPH samples still have dis-
cernible melt-crystallization peaks in DSC curves, suggest-
ing that a larger amount of NAPH exhibits a greater inhibi-
tion for the decrease of crystallization ability.

170°C
<— 1°C/min
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EXO
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Temperature, °C

Fig. 3. DSC thermograms of PLLA/NAPH from the melt of

170°C at a cooling rate of 1°C/min

A relative low T, often leads to low solubility according
to the relationship of temperature with solubility, mean-
ing the appearance of more undissolved NAPH in PLLA
matrix in this study. Figure 3 is the DSC thermograms
of four PLLA/NAPH samples from the melt of 170°C at a
cooling rate of 1°C/min.

Compared to melt-crystallization behavior from the
melt of 190°C, it is found from Fig. 3 that, when the Tf is
170°C, the crystallization occurs in higher temperature
region, because a relative low T, can cause PLLA
molecular chain to more effectively attach to NAPH
surface to induce crystallization. And crystallization
parametersof T , T and AH_are also further promoted,
eventhe T of PLLA/3%NAPH is up to 149.5°C, exhibiting
a very high onset crystallization temperature, because
the melting temperature of pure 4032D PLLA is about
160~170°C [47, 48]. This result thoroughly demonstrates
the crystallization induction role of NAPH. Additionally,
the effect of NAPH concentration on melt-crystallization
processes of PLLA is different, with increasing of NAPH
concentration, the melt-crystallization peak continuously
shifts toward the higher temperature side.

Cold-crystallization process

Differing in melt-crystallization behavior, cold-crys-
tallization process can provide sufficient nucleation sites
including homogeneous nucleus of PLLA itself and het-
erogeneous nucleus of NAPH, resulting in a very fast
nucleation rate during crystallization. However, the mo-
bility of PLLA chain segments is often very poor in low
temperature region, which seriously impedes crystal
growth. Figure 4 is the cold-crystallization processes of
four PLLA/NAPH samples from 40°C to 180°C at a heat-
ing rate of 1°C/min.

Through comparison, it is found that, with increasing
of NAPH concentration, the onset cold-crystallization

% PLLA/3.0% NAPH

0
e .
54} :
1°C/min ——~ ; %7
- e
60 8 100 120 140 160 180

Temperature, °C
Fig. 4. DSC thermograms of PLLA/NAPH at a heating rate
of 1°C/min
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temperature continuously decreases and cold-crystalli-
zation peak keeps widening. This result is attributed
to two reasons, one reason is that a larger amount of
NAPH can provide higher nucleation density in PLLA
matrix, under this circumstance, it is easier to induce
crystallization; another reason is that poor mobility of
PLLA chain segments in low temperature region and
the greater hindrance effect of a larger amount of NAPH
on the migration of PLLA chain segments make crys-
tallization take longer time to be completed, resulting
in appearance of more flat cold-crystallization peak in
DSC curves.

Melting behavior

The melting process not only depends on crystallization
in heating, but also reflects previous crystallization.
Thus, investigating on melting behavior of PLLA/NAPH
is helpful to further reveal the role of NAPH in PLLA
matrix. Figure 5 is melting processes of four PLLA/NAPH
samples at various heating rates (1°C/min, 2°C/min,
5°C/min and 10°C/min).

After cooling of 1°C/min
PLLA/3.0% NAPH

PLLA/2.0% NAPH

PLLA/1.0% NAPH
PLLA/0.5% N/\Iﬁ_‘

1°C/min w

120 130 140 150 160 170 180
Temperature, °C

After cooling of 1°C/min
PLLA/3.0% NAPH

PLLA/2.0% NAPH

PLLA/1.0% NAPH
PLLA/0.5% NAPE Iﬁ/_*

120 130 140 150 160 170 180
Temperature, °C

EXO

5°C/min

Asreported in melt-crystallization section, upon cooling at
1°C/min, other PLLA/NAPH samples exhibit excellent crys-
tallization performance except for PLLA/0.5%NAPH sam-
ple. As aresult, the melting DSC curve of PLLA/0.5%NAPH
possesses double melting peaks, but the high-temperature
melting peak gradually degenerates into single melting
peak with the low-temperature melting peak with an in-
crease of heating rate from 1°C/min to 10°C/min. Whereas
other PLLA/NAPH samples only exhibit single melting
peak, furthermore, the effect of heating rate on melting
peak temperature of a given PLLA/NAPH sample is slight
as seen in Fig. 5, because the melted crystals result from pre-
vious crystals in cooling, this result indirectly reflects dou-
ble melting peaks behavior is assigned to melting-recrys-
tallization, that is, the low-temperature side melting peak is
attributed to primary crystals formed in cooling, and high-
temperature side melting peak reflects the relatively pre-
fect lamella stacks resulted from recrystallization during
the heating scan [49]. However, the melting peak gradually
become wide with increasing of heating rate, the reason is
thought to be because of the lagging response of melting
process to rate of temperature variability.

After cooling of 1°C/min
PLLA/3.0% NAPH

PLLA/2.0% NAPH

PLLA/1.0% NAPH

PLLA/0.5% NAﬁ/—

Y2Vl

2°C/min
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After cooling of 1°C/min
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PLLA/2.0% NAPH

PLLA/1.0% NAPH

PLLA/0.5% NAPH
10°C/min ﬁ/;

120 130 140 150 160 170 180
Temperature, °C

EXO

Fig. 5. Melting processes of PLLA/NAPH at various heating rates after melt-crystallization at 1°C/min
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Fig. 6. Melting processes of PLLA/NAPH at different heating rates

Figure 6 presents melting processes of four
PLLA/NAPH samples at different heating rates that cor-
responded to the rates of melt-crystallization at different
cooling rates.

It is observed, as seen in Fig. 6, that PLLA/0.5%NAPH
has double melting peaks at heating rates of 1°C/min
and 2°C/min, but when the heating rate is 2°C/min, the
high-temperature melting peak shifts toward the low-
temperature side to try to merge into single melting peak
with low-temperature melting peak. In contrast, the only
single melting peak is observed at heating rates of 3°C/min
and 5°C/min, but the cold-crystallization peak appears
in DSC curve in heating, indicating that crystallization
cannot be completed in cooling at 3°C/min and 5°C/min.
For other three PLLA/NAPH samples, the DSC curves
gradually appear obvious double melting peaks with
increasing of rate, moreover, the peak area of the high-
temperature side melting peak gradually becomes larger,
but the peak area is still very small comparing with low-
temperature side melting peak, showing that the most

of crystallization has been completed in cooling, which
further confirms the efficient promoting role of NAPH
for PLLA’s crystallization to some extent.

Besides melting behaviors after non-isothermal crys-
tallization, the melting processes of four PLLA/NAPH
samples after isothermal crystallization at various crys-
tallization temperatures (T)) were also studied as seen in
Fig. 7, and the related melting parameters were listed in
Table 1.

With increasing of T from 120°C to 145°C, the
melting peak of any given PLLA/NAPH sample shifts
toward higher temperature and melting enthalpy (AH )
increases. When the T is relative higher, PLLA molecular
chain segment possesses better migration capability,
causing crystal to get better growth; meanwhile, the
sufficient crystallization time ensures that crystallization
is completed to the maximum extent. As a result, more
crystals are formed and crystals formed at higher T are
more perfect, resulting in that the melting temperature
(T ) is higher and the AH_ is larger.
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Fig.7. Melting processes of PLLA/NAPH at a heating rate of 10°C/min after isothermal crystallization at various crystallization

temperatures for 180 min

Thermal degradation and mechanical properties

Figure 8 illustrates thermal degradation processes of
pure PLLA and PLLA/NAPH samples in air.

It is observed that the addition of NAPH cannot almost
affect the thermal degradation profile of PLLA as seen in
Fig. 8, and four PLLA/NAPH samples only have one ther-
mal degradation stage as pure PLLA, and the only ther-
mal degradation stage is concentrated in the temperature

range from 275°C to 375°C, which results from the chain
scissions and subsequent combustion. However, the on-
set thermal degradation temperature (T ) is related to
NAPH and its concentration through analysis of the mag-
nified image in Fig. 8, and the T, _ appears at 341.3°C,
334.7°C, 333.3°C, 332.2°C and 334.0°C for pure PLLA,
PLLA/0.5%NAPH, PLLA/1%NAPH, PLLA/2%NAPH
and PLLA/3%NAPH. Compared to pure PLLA, the drop
in T . indicates that the presence of NAPH accelerates

onset
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Table 1. Melting parameters of PLLA/NAPH after isothermal crystallization

T,°C Sample T, °C AH ,]/g
PLLA/0.5%NAPH 164.4 50.6
120 PLLA/1%NAPH 165.1 51.2
PLLA/2%NAPH 165.3 50.5
PLLA/3%NAPH 165.1 50.8
PLLA/0.5%NAPH 165.6 53.7
125 PLLA/1%NAPH 166.3 51.6
PLLA/2%NAPH 166.2 514
PLLA/3%NAPH 166.0 51.7
PLLA/0.5%NAPH 166.7 54.8
130 PLLA/1%NAPH 167.2 53.4
PLLA/2%NAPH 167.2 55.3
PLLA/3%NAPH 167.0 54.0
PLLA/0.5%NAPH 168.4 58.0
135 PLLA/1%NAPH 168.9 56.2
PLLA/2%NAPH 168.9 56.8
PLLA/3%NAPH 168.6 55.7
PLLA/0.5%NAPH 170.8 60.1
140 PLLA/1%NAPH 170.9 58.3
PLLA/2%NAPH 170.9 56.7
PLLA/3%NAPH 170.6 57.7
PLLA/0.5%NAPH 1729 59.3
145 PLLA/1%NAPH 172.7 59.1
PLLA/2%NAPH 172.8 58.3
PLLA/3%NAPH 172.4 58.8

decomposition of PLLA/NAPH, and the thermal stabil-
ity becomes poor. Similar findings appeared in the oth-
er systems such as PLLA/ZnO [50], PLLA/BPASD [51],
PLLA/TPAS [52], etc. On the other hand, it is noteworthy
that the difference in T of all PLLA/NAPH samples
is small, and the maximum difference originated from

80- 2
4 |
| ——pILA
5 601 I PLLA/0.5% NAPH
) il PLLA/1.0% NAPH
g \ PLLA/2.0% NAPH
= 40 \ PLLA/3.0% NAPH

20 |
Air i
5°C/min _
0_ 1 1 % T T e I. = T
100 200 300 400 500 600

Temperature, °C

Fig. 8. TGA curves of the pure PLLA and PLLA/NAPH in air

PLLA/0.5%NAPH and PLLA/2%NAPH is only 2.5°C.
Moreover, the T doesn’t continuously decrease when
increasing NAPH concentration, in contrast, when the
NAPH concentration is 2 wt % to 3 wt %, the T in-
creases from 332.2°C to 334.0°C, illustrating that a moder-
ate NAPH concentration can enhance thermal stability of
PLLA/NAPH to some extent, and this effect may depend
on the interaction of PLLA with NAPH via composition
analysis in PLLA/NAPH system.

The mechanical properties, including tensile strength,
tensile modulus and the elongation at break, of PLLA
with and without NAPH was further obtained via the
tensile test. Figure 9 presents the mechanical properties
of pure PLLA and four PLLA/NAPH samples.

Both tensile modulus and elongation at break decrease
with increasing of NAPH concentration, one probable rea-
son is that the NAPH enhances crystallinity of PLLA to
make the modified PLLA materials become brittle; another
probable reason is that PLLA and NAPH is more or less in-
compatible, although an organic nucleating agent has bet-
ter compatibility with PLLA comparing with the inorganic
nucleating agent, and this incompatibility must bring about
some defects, and these defects is firstly destroyed during
tensile process. There is no doubt that the higher NAPH
concentration in PLLA matrix must increase the possibility
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Fig. 9. Tensile modulus, tensile strength and elongations at
break of PLLA with various NAPH contents

of incompatibility, resulting in NAPH-nucleated PLLA be-
come more brittle with increasing of NAPH concentration.
Additionally, a low concentration of NAPH can increase
the tensile strength, and the tensile strength possesses a
maximum value for the critical NAPH loading 0.5 wt %;
whereas further increasing NAPH concentration cannot
increase the tensile strength, even when NAPH concentra-
tion is 1 wt % and 3 wt %, the tensile strength of PLLA/
NAPH sample is lower than that of pure PLLA.

CONCLUSIONS

An organic compound of NAPH was added to PLLA res-
in for the first time to investigate its influence on the perfor-
mance of PLLA. Melt-crystallization test showed that NAPH
could serve as nucleating agent for providing effective site
of heterogeneous nucleation to accelerate PLLA’s crystal-
lization. Upon cooling at 1°C/min from the melt of 190°C,
the PLLA/1%NAPH had the highest T of 141.3°C, the high-
est T of 138.6°C and the largest AH_of 50.8 J/g, indicating
that 1 wt % NAPH had the best crystallization accelerating
ability for PLLA. The effect of cooling rate on the melt-crys-
tallization showed that a slow cooling rate was beneficial
for crystallization, but PLLA/NAPH could still crystallize
in cooling at 30°C/min, confirming the advanced crystal-
lization promoting effect of NAPH. Compared to the T, of
190°C, the T, of 170°C could promote crystallization to occur
in higher temperature region, and the AH_was also further
increased. For cold-crystallization process, a larger amount
of NAPH caused cold-crystallization peak to move towards
low temperature and become wider. The melting behaviors
after crystallization thoroughly reflected the effect of NAPH
and NAPH’s concentration on crystallization of PLLA, and
the melting processes were also affected by other two factors
of heating rate and crystallization temperature; the double
melting peaks during melt were assigned to melting-recrys-
tallization. The thermogravimetric analysis in air showed
that the introduction of NAPH decreased the thermal sta-
bility of PLLA because of a drop in the onset decomposition
temperature, but this effect also depended on the interaction
of PLLA with NAPH. The NAPH-nucleated PLLA, in com-

parison to pure PLLA, had lower tensile modulus and small-
er elongation at break of PLLA, however, PLLA/0.5%NAPH
had higher tensile strength.
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