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Abstract Biocompostable poly(glycolic acid) (PGA) crystallizes slowly under fast cooling condition, leading to poor mechanical performance of
the final products. In this work, a self-nucleation (SN) route was carried out to promote the crystallization of PGA by regulating only the thermal
procedure without any extra nucleating agents. When self-nucleation temperature (T;) decreased from 250 °C to 227 °C, the nuclei density was
increased, and the non-isothermal crystallization temperature (T.) of PGA was increased from 156 °C to 197 °C and the half-life time (t,s) of
isothermal crystallization at 207 °C was decreased by 89%. Consequently, the tensile strength and the elongation at break of the PGA were
increased by 12% and 189%, respectively. According to the change of T_ as a function of T, a three-stage temperature domain map (Domain |, Il
and Ill) was protracted and the viscoelastic behavior of the self-nucleation melt and the homogeneous melt was studied. The results indicated
that interaction among PGA chains was remained in Domain llb, which can act as pre-ordered structure to accelerate the overall crystallization
rate. This work utilizes a simple and effective SN method to regulate the crystallization behavior and the mechanical properties of PGA, which

may broaden the application range of resulting materials.
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INTRODUCTION

It has become urgent to develop biodegradable polymers to
prevent global plastic pollution from getting more and more
serious.'" ™ Therefore, it is necessary to find degradable poly-
mers as an alternative to non-degradable ones. Poly(glycolic
acid) (PGA) is a new fully biodegradable and environmentally
friendly polymer with high biocompatibility.™ It can be
degraded through soil burial, seawater and composting
conditions, which will greatly alleviate environmental pressure.
Compared with poly(lactic acid) (PLA), the most popular
biodegradable polymer at the moment, PGA has higher
mechanical strength, generally 80—120 MPa,® which enables
PGA to be used in industries which require high(er) mechanical
strength, such as fracturing plugs used in oil exploration. So far,
surgical sutures?”) and tissue scaffolds® manufactured by PGA
and its copolymers have been widely used because PGA can be
completely metabolized by human body. In addition, PGA also
has excellent gas barrier property making it potential in food
packaging field.®!

* Corresponding authors, E-mail: pengwuxu@jiangnan.edu.cn (P.W.X.)

E-mail: p.ma@jiangnan.edu.cn (P.M.M.)
Received October 7, 2021; Accepted November 23, 2021; Published
online January 20, 2022

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

The advantages of PGA such as high mechanical strength
and barrier property are related with its crystallization behavi-
or and crystal structure. PGA generally possesses crystallinity
as high as about 50%,! which is much higher than that of
PLA. However, for processing such as film blowing and thin-
wall injection molding, the crystallization rate of PGA is not
high enough under rapid cooling condition. The low crys-
tallinity influences the performance of PGA product
massively, and thus the large-scale application is restricted.

To solve this problem, many methods have been used to
enhance the crystallization rate of semi-crystalline polymers.
Adding nucleating agents is the most popular and efficient
method applied in processing and production. Nucleating
agents mainly include inorganic nucleating agents,['® macro-
molecular nucleating agents including stereocomplex (SC)
crystallites,'12 and organic nucleating agents.['314 How-
ever, inorganic nucleating agents such as calcium carbonate
usually require a larger amount of addition to achieve higher
nucleation efficiency,['>! which will lead to a decrease in the
mechanical properties. The nucleation effect of macromole-
cular nucleating agent is not always satisfying. For example,
cellulose nanofiber was used as the macromolecular nuclea-
ting agent for PLA,['8] and crystallization temperature of PLA
increased slightly. As for organic nucleating agents, orotic
acid was used as an organic nucleating agent to induce the
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crystallization of poly(3-hydroxybutyrate-co-3-hydroxyhex-
anoate) (PHBH).'”! The results showed that the crystallization
time of PHBH with orotic acid was three times shorter than
that with BN. Nevertheless, the organic nucleating agents re-
quire good lattice matching with the polymer. So far, there
have been hardly any reports of high-efficiency organic nuc-
leating agent suitable for PGA. Therefore, a universal method
to increase the crystallization rate of PGA is needed.

Self-nucleation is also an effective method for increasing
the crystallization rate by adjusting the thermal procedure of
polymer crystallization, which is based on melt memory or
crystal memory. In 1993, Fillon et al.'8 systematically studied
self-nucleation phenomenon in isotactic polypropylene (iPP)
system by means of differential scanning calorimetry (DSC)
for the first time and provided the earliest study of self-nucle-
ation thermal procedure. For decades, self-nucleation has
been used in many semi-crystalline polymer systems to accel-
erate crystallization, e.g., poly(e-caprolactone) (PCL),['91 jPP,[20]
and poly(butylene succinate) (PBS).2"1 The relationship
between self-nucleation effect and self-nucleation temperat-
ure,[22231 annealing time, 24251 molecular weight,[26271 molecu-
lar chain confinement and topological structurel2829 were
studied in different polymer systems.

However, self-nucleation is mainly used in theoretical re-
search, and the effect of self-nucleation on mechanical prop-
erty is less studied®% and there is hardly any work focusing on
self-nucleation of PGA. In this work, the influence of self-nuc-
leation effect on crystallization behavior, crystal morphology
and mechanical properties of PGA is systematically studied,
and the mechanism is further explored. This work utilized a
simple and effective self-nucleation method to increase the
crystallization rate and mechanical properties of PGA, and the
output from this work could be very useful to the application
of PGA as a general biodegradable material in the field of, e.g.,
packaging.

EXPERIMENTAL

Materials

PGA (M,=1.5x10° g/mol and M,/M,=1.3) in the form of pellets
was supplied by Shanghai Pujing Chemical Industry Co. Ltd.,
China.
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Sample Preparation

PGA pellets were dried at 80 °C under vacuum drying oven for
12 h before use. Then the pellets were hot compressed at
240 °C (for 1 min under 10 MPa) into sheets for further
characterizations. In particular, the other hot compress
temperatures for characterization of mechanical properties are
described additionally in the next section.

Characterization

Differential scanning calorimetry

DSC (Perkin Elmer DSC 8000, USA) was used to characterize
the crystallization behavior of PGA under nitrogen atmosphere.
The thermal procedure is illustrated in Fig. 1.

Non-isothermal crystallization

(D Heating to a temperature which is 25-30 °C higher than the
melting temperature (T,,) of PGA (appr. 223 °C) to erase the
crystalline memory. Specifically, heating from 50 °C to 260 °C at
50 °C/min and holding for 1 min to produce a homogeneous
melt. @ Cooling to 0 °C at 10 °C/min to produce the standard
crystallization state, as the same thermal history of all the
samples. 3 Heating to different selected self-nucleation
temperature (T,) at 10 °C/min, and holding at T for 5 min as the
annealing time (t,). @ Cooling to 0 °C at 10 °C/min, and finally
@ reheating to 260 °C at 10 °C/min.

Isothermal crystallization

Same as the thermal procedure of the non-isothermal crystal-
lization, O erasing crystalline history, @ creating a standard
crystallization state and ®) heating to different T, at 10 °C/min
and holding for 5 min. Then & cooling to isothermal
crystallization temperature rapidly at 50 °C/min, ® holding for
enough time to complete isothermal crystallization, and finally
@ reheating to 260 °C at 10 °C/min.

Polarized optical microscopy (POM)

Polarized optical microscopy (Axio Scope 1, Zeiss, Germany)
with a hot stage (THMS600, Linkam, UK) was used to
characterize the crystal morphology changes of PGA during
non-isothermal crystallization at different 7. Thermal procedure
conducted in POM measurements is also illustrated in Fig. 1

ORB@@).

Mechanical properties
Mechanical properties of PGA sheets (T,=237 °C and 260 °C)

t (min)

Fig.1 Thermal procedure of PGA employed in the self-nucleation procedure.
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were measured using a universal tester (Instron 5967, USA)
according to G/BT 529-2008 at a crosshead speed of 10
mm/min. Five specimens of each sample were examined and
the averaged values were presented. All the tests were
performed at room temperature. The T, was controlled by hot
compress temperature (237 °C, 260 °C). Although the PGA
pellets did not undergo erasing thermal history and
crystallization process as D and @ in Fig. 1, they were in the
same thermal state before hot pressing, so the hot pressing
temperature can be used as T, under this condition.

Rheological behavior

Rheometer (Discovery DHR-2, TA instrument, USA) was used to
characterize the dynamic rheological properties of PGA melts at
different T,s. The sample was heated to different T;s (230—260
°C) after erasing crystalline history and producing standard
crystallization state (similar to Fig. 1 ©®@®). The samples were
kept at selected T, for 5 min, with a constant strain of 3% in a
frequency-sweep mode (from 100 Hz to 0.01 Hz). The strain of
3% was pre-determined from a strain sweep experiment to
make the measurements in a linear viscoelastic strain range.

RESULTS AND DISCUSSION

Influence of Self-nucleation Temperature on
Non-isothermal Crystallization of PGA

The cooling and secondary heating DSC curves of PGA after
holding 5 min at different T,s are shown in Figs. 2(a) and 2(b),
respectively. When T is above 250 °C, the crystallization
temperature (T.) does not change significantly with T,. When T,
decreases from 245 °C to 227 °C, T. increases drastically from
164 °C to 197 °C. The crystallization peak changes from a broad
peak to a sharp and narrow peak shape, indicating that self-
nucleation at lower T, induces PGA to crystallize more easily
and the crystallization rate is faster during cooling. Therefore,
self-nucleation has a significant effect on improving the
crystallization rate of PGA.

From Fig. 2(b), it seems that when T is above 240 °C, T
does not affect the T, of PGA, and the melting peak is a single
peak. However, when T, decreases from 235 °C to 227 °C, a
bimodal phenomenon appears in the melting curves. Bimo-
dal phenomenon is very common in the melting curve of
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crystalline polyester materials.3" The reason of the bimodal
phenomenon is that the thin part of lamellae crystals melts
first as the low-temperature melting peak, and then under-
goes melt-recrystallization to transform into thicker lamellae,
which melt together with the original thick part and present
as the high-temperature melting peak.

For this work, it may be explained that when T is higher
than 250 °C, the crystallization of PGA is mainly driven by
temperature to form the initial nuclei, so the crystallization
process is almost the same as standard crystallization (pro-
cess @ in Fig. 1). When T,>250 °C, because there are fewer
crystal nuclei, the growth space of spherulites is larger, and
the crystals are relatively more complete with mainly thicker
lamellae. During the secondary heating, the thinner lamellae
recrystallize at about 200 °C, and reorganize into thicker
lamellae and then melt together with the original thick lamel-
lae. However, when 223 °C<T,<250 °C, due to self-nucleation
effect, T, increases as T, decreases, a large number of imper-
fect crystals with thin lamellae were formed quickly during
the cooling process. These crystals melt first, leading to the
appearance of melting double peaks.

It should be noted that when T,=223 °C, which is close to
the T,, of PGA, a high-temperature melting peak (227 °C) ap-
pears on the right side of the melting peak in the secondary
heating curve. This is because there are crystal remnants that
are not molten at a low T,. This part undergoes high-temper-
ature annealing at 223 °C, increasing the melting temperat-
ure. Meanwhile, the crystallinity at T,=223 °C increases to
66.7% (Table S1 in the electronic supplementary information,
ESI), which confirms the original crystals do not melt com-
pletely, but further thicken by high temperature annealing,
thus the crystallinity and T, increase.

Influence of Self-nucleation Temperature on
Non-isothermal Crystallization of PGA

In order to study the influence of annealing time on self-
nucleation effect, 237 °C was selected as T, and the annealing
time was 1, 5, 10, 20 min, and the corresponding DSC results are
shown in Fig. 3. Obviously, T, basically remains unchanged with
the increase of the annealing time. The result shows the stability
of self-nucleation at a certain T,, which can be affected by
temperature other than annealing time. Stephanie et al.??

260°C
250°C

245°C

240°C

S 3sec
N\ 230°C
D
W aase

Endo

100 150 200 250
Temperature (°C)

Fig.2 (a) Cooling (@ in Fig. 1) and (b) secondary heating (@ in Fig. 1) DSC curves of PGA at different T,s (marked in the right side of

each figure).
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found similar results in halogen-substituted polyethylene.
Besides, Chen et al!**! extended the annealing time to 1200 min
in hydrogenated polybutadiene (HPB) system, and found that
T. only dropped by 1 °C. They also found that the activation
energy for the disappearance of the self-nucleation effect was
much higher than that for the dissolution of flow-induced
nucleation, also verifying the self-nucleation stability.

Isothermal Crystallization of PGA Induced by
Self-nucleation

Isothermal crystallization was carried out to further study the
crystallization behaviors of PGA induced by self-nucleation.
Fig. 4(a) shows the isothermal crystallization curves of PGA with
different T,s (227, 230, 235, 240 and 260 °C). PGA cannot
crystallize at 207 °C with T,=260 °C within 40 min. When T
decreases to 227 °C, PGA has finished the crystallization process
within 10 min. The crystallization time decreases with the
decrease of T,. The half-life crystallization time (t,5) is defined as
the time required to reach 50% of the final crystallinity and the
tos of PGA with different Ts is shown in Fig. 4(b). The t,5 with
T,=227 °C is only 4.19 min, which is much lower than that at
higher T.. These results indicate that self-nucleation can
significantly reduce the crystallization time of PGA and increase
the crystallization rate by regulating T,, which are consistent
with the non-isothermal crystallization results.
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(a) DSC cooling curves of PGA at T;=237 °C under different annealing time and (b) the corresponding T..

Crystal Morphology

The effect of self-nucleation on the crystal morphology of PGA
was characterized by POM and the results are displayed in Fig. 5.
As shown in the left line of Fig. 5, when T;=260 °C, crystal nuclei
appear at 206 °C and grow into regular spherulites with a radius
of 77 um at 186 °C. Finally, the spherulites fill the entire view at
156 °C and the radius is more than 600 pym. Such a large
spherulite size can be a main reason of brittleness for PGA.13334
PGA could easily break along the smooth spherulitic boundary
or the cracks formed in the spherulites, which greatly limits the
application of PGA.

When T,=237 °C, in the right line of Fig. 5, the crystal mor-
phology of PGA changes significantly. A huge number of
small and dense granular crystals form very quickly, and fill
the entire view as the temperature decreases. Compared with
the crystal morphology of T,=260 °C, the self-nucleation ef-
fect greatly increases the crystal density and reduces the size
of spherulites of PGA. From this phenomenon, it can be spec-
ulated that the change of crystal morphology may improve
the brittleness of PGA.

Mechanism of PGA Self-nucleation

The above results have proved that self-nucleation can
accelerate the crystallization of PGA by regulating T,. The
mechanism of fast crystallization induced by self-nucleation will
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(a) DSC curves and (b) half-life crystallization time (t,5) of isothermal crystallization of PGA at 207 °C with different T,s (227, 230,
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T,=260°C

T=237°C

Cooling at 10 °C/min

T
Fig. 5 POM images of non-isothermal crystallization of PGA with
T,=237 and 260 °C.

be discussed in detail. As shown in Fig. 6, we divided T; into
three zones (Domain |, Domain Il and Domain Ill) and protracted
a three-stage self-nucleation temperature domain map
combining the characteristics of T, T. and the DSC melting
curves of PGA.

Domain | (T;>250 °C): T. does not change with T,. Domain ||
(223 °C<T<250 °C): T, increases significantly with the de-
crease of T,. This domain can be subdivided?? into Domain Ila
(223 °C<T,<227 °C) and Domain llb (227 °C<T,<250 °C), by the
end of the PGA melting peak temperature, 227 °C. In Domain
lla, there are some small fragments crystals retain in the melt,
and these fragments can induce the fast crystallization of PGA
as nuclei. But lamellae thickening of crystals do not occur in
Domain lla. In Domain llb, there are no fragments crystals in
the melt because the T is higher than the end of the PGA
melting peak temperature. However, there are still some mo-
lecular chains with ordered structures. These molecular
chains can quickly assemble into nuclei to induce PGA crystal-

,Domain lla
2
I
i 1210
I
I Domain llb
1195
; —
23 Domain lIl Domain | 9
55 180
T
1165
Il
: 1150
200 220 240 260

Temperature (°C)
Fig. 6 T_of PGA as a function of T, (red dotted line) superimposed

on the melting endotherm (black line). The vertical blue and red lines
mark the dividing temperatures between different domains.

lization, which will be discussed further in the following. Do-
main Il (T;<223 °C): the sign of this domain is the appearance
of the high temperature annealing peak on the melting curve
(Fig. 2b, T,=223 °C), indicating that there are crystals that have
not molten during the 5 min annealing. After high temperat-
ure annealing, this part grows into thicker structure, thus ob-
taining higher melting temperature.

Recently, researchers used rheology measurements,[19.201
FTIR,B%! permittivity performancel3® and other methods for
proving that specific interactions between polymer chains
such as van der Waals force, dipole-dipole interaction, and hy-
drogen bonding interactions may be the origin of the melt
memory effect. To figure out the nature of self-nucleation ef-
fect of PGA, rheological method was used to characterize the
viscoelasticity of PGA melts at different T;s and reveal the spe-
cific interactions that exist in SN melts.

The rheometer was used to measure the phase angle and
complex modulus (G") of PGA melt at different T,s, in the lin-
ear viscoelastic region under small amplitude oscillating
shear conditions. The relationship between phase angle and
G"is shown in Figs. 7(a) and 7(b).

Phase angle-complex modulus diagram is widely used in
rheology, also called vGP graph, which is often used to char-
acterize the compatibility of two phases in polymer blends.37!
The theory of this method is time-temperature superposition
principle (TTS). For vGP plot, if the polymer melt obeys to TTS
principle, the curves obtained at different temperatures
should lie in the same curve, thus it can be considered as
thermorheologically simple, otherwise is thermorheologically
complex.

As can be seen in Figs. 7(a) and 7(b), in Domain llb, the
curves of phase angle and G* cannot overlap, and the curves
separate at high G*; while the curves of Domain | can overlap
well. It reveals that the PGA melt of Domain | is thermorheolo-
gically simple and homogeneous; but the melt of Domain Ilb
is thermorheologically complex without obeying the TTS
principle, and its heterogeneity can be confirmed. The origin
of this heterogeneity is the nature of self-nucleation.
Sangroniz et al'! used a similar method to plot the relation-
ship between the phase angle and G*, which proved the het-
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Fig.7 Phase angle as a function of the absolute value of complex modulus of PGA melt in (a) Domain llb and (b) Domain I.

erogeneity of the SN melt.

Based on the above research, the mechanism of PGA self-
nucleation effect can be summarized as follows (Fig. 8): (1)
When T,<223 °C, in Domain lll, the unmolten crystals still ex-
ist in melt and undergo high temperature annealing and
lamella thickening at T;; (2) When 223 °C<T,<227 °C, in Do-
main lla, some small fragments crystals or thicker lamellae!38!
are retained in the melt, and serve as nuclei for epitaxial crys-
tallization of PGA molecular chains when cooling, and accel-
erate the crystallization; (3) When 227 °C<T,<250 °C, in Do-
main Ilb, although the crystals melt completely and no crystal
fragments exist, the interaction between molecular chains in-
cluding van der Waals forces and dipole-dipole interactions is
retained. This pre-ordered structure is the essence of the self-
nucleation effect. The pre-ordered structure acts as “hetero-
geneous nuclei” to induce rapid recrystallization of PGA, also
lowers the energy barrier for primary nucleation,39 thus im-
proves the crystallization of PGA; (4) When T,>250 °C, in Do-
main |, the pre-ordered structure of the molecular chains is
dissolved by heat, and the melt becomes homogeneous with
thermorheologically simplicity, and thus self-nucleation ef-
fect vanishes.

Pre-ordered structure

High temperature

Domain |

/U' Small fragments crystals

Domain Il

Mechanical Properties

For the moment, the researches on the self-nucleation effect
are mostly the discussion of the self-nucleation effect on
crystallization and its mechanism in various polymer systems.
However, the effect of self-nucleation on the mechanical
property of materials is relatively rarely studied. As a polymer
with high mechanical strength, the mechanical strength of PGA
is often concerned, so we studied the influence of self-
nucleation on the mechanical properties of PGA.

Fig. 9(a) shows the tensile stress-strain curves of the PGA
sample with T,=237 and 260 °C. The comparison of the mech-
anical performance parameters is shown in Fig. 9(b) and Ta-
ble S2 (in ESI). In addition, to eliminate the influence of crys-
tallinity on mechanical properties, the crystallinity of samples
with different T,;s was controlled at the same level, as shown
in the Fig. ST and Table S2 (in ESI). When T,=260 °C, the tensile
strength of PGA is 92.4 MPa, and the elongation at break is
4.6%; while when T,=237 °C, the tensile strength and elonga-
tion at break are 103.9 MPa and 13.3%, respectively.
Moreover, it can be observed that there is a tensile stress plat-
eau with a certain increase of elongation in the tensile stress-
strain curve of T;=237 °C, which indicates the improvement of
toughness by self-nucleation effect.

Unmolten crystals

llb

lla

Low temperature

Domain lll

Fig.8 Schematic diagram of PGA melts in different domains.
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The increase in toughness and strength is related to the
change in morphology. When T is in Domain llb, the nuclei
density of PGA is larger and the crystal size is greatly reduced,
in comparison with T, in Domain |. Stress concentration is less
likely to occur when the crystals are smaller and denser. Be-
sides the tortuous crystalline boundary hinders the develop-
ment of microcracks, leading to the improvement of tough-
ness. In short, adjusting T, can improve the tensile strength
and toughness of PGA to a certain extent.

CONCLUSIONS

This work utilized a self-nucleation route to improve the overall
crystallization rate and mechanical performance of PGA. The
crystallization temperature of PGA was increased from 154 °C to
197 °C, and t;5 was decreased by 89.5% by regulating only the
thermal procedure. The crystal size was decreased and nuclei
density was increased significantly. As a consequence, the
tensile strength and elongation at break of PGA were improved
by 12.4% and 189.1%. Furthermore, the viscoelastic behaviors of
the self-nucleation melt and the homogeneous melt were
studied by rheological method. The results indicated that
interaction among PGA chains was remained in Domain llb,
which can act as pre-ordered structure to accelerate the overall
crystallization rate. Therefore, this work applied a simple SN
method to improve the crystallization behavior and the
mechanical properties of PGA, which may broaden the
application range of resulting materials.
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