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Abstract
In order to achieve enhanced physical performance of polylactic acid (PLA), the hyperbranched
polyamide (HBPA) was synthesized by "one-step" as raw materials, and added as a modi�er to the PLA
matrix. The HBPA/PLA blend was prepared through the twin screw extrusion process and the injection
molding process. The results showed that, compared with pure PLA, the tensile strength of HBPA/PLA
blends increased by 41.8% while the elongation at break and the impact strength basically unchanged.
The addition of HBPA does not affect the glass transition temperature (Tg) and crystallization of PLA
signi�cantly, but can improve the thermal deformation temperature of PLA. HBPA acted as a nucleant for
PLA during iso-temperature crystallization. HBPA could form hydrogen bonds and chemical crosslinks
with PLA, thus exhibits excellent reinforcing effect for PLA.

1 Introduction
As is well known, traditional petroleum-based plastics were di�cult to decompose and non-
biodegradable, so it was easy to cause serious "white pollution" and a series of environmental problems
after being abandoned, which would eventually lead to global environmental problems and energy crises.
Bio-based materials derived from animals and plants can not only reduce environmental pollution, but
also reduce dependence on limited resources such as oil and coal, which was in line with sustainable
development strategies. Therefore, academy and industry have shown great interest in the development
of commodities made of biodegradable and renewable materials, and bio-based materials had become a
hot spot for development today 1–5.

Polylactic acid (PLA) was extracted from renewable plant resources (such as corn, cassava, etc.). PLA
had good biodegradability, and the production process was pollution-free. Moreover, it can be completely
degraded by microorganisms under speci�c conditions in nature, �nally, generated carbon dioxide and
water. It did not pollute the environment, and can reduce the problems of "oil shortage" and "white
pollution", so it was an ideal green polymer material. The main advantage of PLA lay in its environmental
friendliness and ease of processing. It can be processed in a variety of processing methods such as
extrusion, spinning, biaxial stretching, injection and blowing molding. Products made of PLA possess
biodegradability, biocompatibility, good gloss, transparency, hand feel and heat resistance, but PLA was a
linear polymer because it had no active side chain groups. It was di�cult to modify its surface or body. In
addition, polylactic acid had several obvious defects, such as brittleness, poor thermal stability and low
crystallization rate, low heat distortion temperature 6–10, and compared with other aliphatic polyesters,
the melt viscosity of PLA had low strength 11. In order to be used in a wide range of products, methods
such as copolymerization 12–13 and blending 14–18 and additives 17–20 have been reported to improve its
strength and brittleness. Zhang et al. 21 used citric acid to modify calcium carbonate to improve the
mechanical properties of the polylactic acid composite material. Li et al. 22 used KH570 silane coupling
agent to modify silica and used it to reinforce polylactic acid materials.
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In the past thirty years, hyperbranched polymer (HBP) had been a hot spot for additive modi�cation due
to its special organic-inorganic hybrid three-dimensional structure. HBP had a lot of branching points and
low viscosity. The molecular chain of HBP was not easy to entangle. In addition, the end of the
hyperbranched polymer had a large number of functional groups23–27. HBP with different properties can
be prepared by adjusting the type and quantity of functional groups. The synthesis of hyperbranched
polymers was mainly based on ring-opening polymerization and condensation polymerization.
Functional groups at the ends of hyperbranched polymers can form a large number of hydrogen bonds
and chemical crosslinking reactions with polymer groups25–33. With the development of research on HBP
synthesis by scienti�c researchers, it can be directly prepared and synthesized through the "one-step
method" .

In this work, hyperbranched polyamide with high activity was designed and synthesized, and it was used
for the modi�cation of PLA. The results showed that the physical and mechanical properties of PLA had
been successfully enhanced. The degradable PLA bio-based material with improved performance
exhibited both important scienti�c signi�cance and broad application prospects.

2 Experimental

2.1 Materials
PLA (REVODE110, = 3.5 × 105 g · mol− 1, DI = 2.5) was purchased from Zhejiang Haizheng Biomaterials
Co., Ltd. Trimesoyl chloride (TMC), anhydrous sodium carbonate and p-phenylenediamine (MSDS) were
purchased from Shanghai Macleans Biochemical Technology Co., Ltd. Acetone was purchased from
Beijing Chemical Reagent Company.

2.2 Synthesis of HBPA
The three-necked �ask, partial pressure funnel, stirring paddle and beaker were washed with deionized
water and dried before they were used. Poured 300ml of acetone into a 500ml three-necked �ask, used an
electronic balance to weigh 6.64g trimesoyl chloride and dissolved it in the acetone, turned on the stirring
paddle to make it quickly dissolve, stirring at 120rpm, weighed 3.18g anhydrous sodium carbonate and
5.41g P-phenylenediamine and dissolved them into 100ml of 80oC deionized water. After they were
completely dissolved, the solution would be reddish brown. Added the reddish-brown solution dropwise to
the three-necked �ask through a partial pressure funnel. The solution in the three-necked �ask quickly
turned into a green turbid solution, and the mixture was heated in water at 20oC for 6 hours. After the
reaction, the green suspension was suction �ltered, then the green solid obtained was washed with
acetone 3 times and then washed with deionized water above 80oC 3 times, and suction �ltered several
times to removed small molecular substances. Finally, it was placed in a vacuum drying oven at 80oC for
12 hours to obtain a hyperbranched polyamide.

2.3 Preparation of the PLA/HBPA blends
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PLA was dried at 80°C for 6 h before mixing with HBPA. PLA and HBPA with different contents were
blended through a twin-screw extruder (CTE-35, Cobelon Coya Machinery Co., Ltd). The temperature of
each zone of the twin-screw extruder was set to 140oC, 145oC, 150oC, 150oC, 145oC, 140oC, respectively.
The PLA/HBPA blends were then cooled down before cutting into granule using a stock cutter (YH-2, SWP,
Zhangjiagang Leyu Yuanhang Machinery Factory). The standard splines were prepared by an injection
moulding machine (TY400, HangZhou DaYu Machinery Co., Ltd). The injection temperature was set to
170oC, and the injection pressure was 50 bar.

2.4 Characterization
Samples were mixed with KBr at a weight ratio of 1:100 and processed into pellets for the use in Fourier
transform infrared (FTIR) measurements. The scanning wavelength range of FTIR spectroscopy
(Nicolet8700, Thermo Electron, USA) was set to be 4000 cm− 1-500 cm− 1. The resolution was set to 8 cm− 

1. The scan number was 32.

An NMR spectrometer (Agilent NMR Magnet) was used to record 1H high-resolution one-dimensional
NMR spectra in dimethyl sulfoxide (DMSO) at room temperature.

Gel permeation chromatography (GPC) (DAWN HELEOS-II, Wyatt, USA) was carried out using N,N-
Dimethylformamide (DMF) as the solvent. The concentration was 1mg mL− 1. Calibration was performed
using polystyrene standards.

In the circulatory system, put the sample in chloroform at 60℃ for heating and re�uxing to dissolve for
6h, then take it out and dry it at 80℃ for 8h, calculate the gel content () according to Eq. (1):

In the formula: m1 and m2 are the mass of the sample before and after dissolution, in mg.

Rheological characterization of PLA/HBPA blends was tested by Rotational rheometer (MCR302, Anton
Paar GmbH). The thickness of the test sample was 1mm, the temperature was set to 170°C, and the test
was performed after the sample was melted. The initial value of the angular frequency was set to
0.1rad/s, and the �nal value was 100rad/s. The change rule was a logarithmic change.

The crystallization process of PLA was observed under polarized optical microscope(POM) (CBX51,
Olympus). A small amount of sample was placed on a hot stage, heated to 200 ° C at a heating rate of 50
° C /min and stayed at 200 ° C for 5 min to eliminate the thermal history, then cooled to 120 ° C at a
cooling rate of 10 ° C / min and stayed at 120 ° C for 30 min. During the process, the iso-thermal
crystallization processes were observed.
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The fractured surfaces of impact specimens were observed under scanning electron microscopy (SEM)
(QUATA250, FEI, USA). Before SEM, gold spraying was performed with a working voltage of 15 kV.

The differential scanning calorimeter (DSC) (Q100, TA, USA) was measured under the protection of
nitrogen gas. The sample (5.0–10.0 mg) was heated from room temperature to 200 oC, pre-annealed at
200 oC for 3 min, followed by cooling to 20 oC at 20 oC /min and pre-annealed at 20 oC for 3 min, then
reheated to 200oC at 20 oC /min. Recorded and saved the DSC curve.

Thermogravimetric analyais (Q50, TA, USA) of the PLA/HBPA blends were measured under the protection
of N2 gas. Samples were heated from room temperature to 700 oC at 20 oC /min.

Characterization of Heat De�ection Temperature (HDT) was tested by HDT VICAT Testing Machine
(ZWK1302-B, MTS SYSTEMS (CHINA) CO., LTD.) according to the D648-07 standard, the temperature of
the standard sample under the speci�ed load and deformation, the heating rate was 120℃/h.

Tensile strength and elongation at break of the blends were tested by a computer-controlled electronic
universal testing machine (CMT6104, MTS Industry System Co., Ltd., Shenzhen, Guangdong Province, PR
China) according to ISO527.2 Standard. The tensile rate was chosen to be 20 mm/min. The size of the
spline was dumbbell shaped spline, L = 150 mm, d = 4 mm.

Impact strength was tested by an electronic Izod impact testing machine (XJUD-5.5, Chengde Jinjian
Testing Instrument Co., Ltd., Chengde, Hebei Province, PR China). The size of the spline without gaps was
determined according to the ISO180:2000: 80 mm×10 mm×4 mm. The impact energy of the pendulum
was 2 J.

3 Results And Discussion

3.1 FTIR characterization of HBPA
The HBPA was synthesized by adding MSDS deionized water solution dropwise to TMC acetone solution
in a 20 ℃ water bath. As shown in Fig. 2 (a), the stretching vibration absorption peak of C-Cl bond at
703cm− 1 in the TMC infrared curve, the absorption peaks at 1592 cm− 1 and 1755 cm− 1 were C = O
double bonds. The N-H bond stretching vibration absorption peaks were located at 3201 cm− 1, 3303 cm− 

1, and 3374 cm− 1, while 3356 cm− 1 in HBPA was the newly generated N-H bond stretching vibration
absorption peak. The hydrogen bond association interaction in a large number of amino groups at the
terminal was the reason that the absorption peak becomes wider and smoother. 1313cm− 1 and 1246cm− 

1 were newly formed C-N bonds, which were also accompanied by the disappearance of C-Cl bonds.
Therefore, it proved that the hyperbranched polymer containing amide bond was successfully
synthesized.

3.2 1H-NMR characterization of HBPA
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Figure 2(b) was the 1H-NMR spectrum of HBPA. It can be seen that there were at least seven different
types of hydrogen atoms, of which δ 10.70 and 10.06 ppm were the characteristic peaks of hydrogen
atoms on the amide bond (CONH), δ 8.71, 7.87, 7.48, 6.58 ppm were the characteristic peaks of hydrogen
atoms on the benzene ring at different levels, and the characteristic peak at δ 2.52 ppm was the
characteristic peak of hydrogen atoms on the terminal amino group (NH2) of HBPA. The various types of
hydrogen atoms also verify the successful synthesis of HBPA.

3.3 GPC characterization of HBPA
GPC test results showed that the number average molecular weight (Mn) of HBPA was 1.157×104 and

3.700×103, and the weight average molecular weight (Mw) was 4.738×104 and 1.185×104. It was known
that there were two repeating units C9H3O3 and C6H6N2 in HBPA, and the molecular weights were 159 and
106, respectively. By calculation, the number average molecular weight of the �rst generation HBPA was
480, the second, third, fourth and �fth generations were 1596, 3828, 8292 and 17220 respectively.
Therefore, it can be concluded that the HBPA synthesized by the one-pot method contained three and four
generations.

3.4 FTIR characterization of PLA/HBPA blends
FTIR was a direct and common method to analyze the interaction between two polar groups. The FTIR
spectra of the HBPA/PLA blend was shown in Fig. 3(a). Obviously, in the range of 3200 cm− 1 to 3600
cm− 1, a broad and strong peak appeared in the FTIR curve of PLA, which corresponded to the stretching
vibration absorption peak of the free bond O-H group, while the C = O stretching vibration absorption of
the PLA ester group appeared near 1754cm− 1. For HBPA/PLA blends, with the increase of HBPA content,
two absorption peaks appeared at the hydroxyl stretching vibration absorption peak at around 3500 cm− 

1, and the bending vibration absorption peak of the O-H group at 1379 cm− 1 also had two absorption
peaks, which were all due to the in�uence of the hydrogen bond between the amide bond in HBPA and the
terminal amino group and PLA24. Therefore, the FTIR spectra of the blends showed that there were
hydrogen bonds between HBPA and PLA.

3.5 Gel content characterization of PLA/HBPA blends
Gel content was a common method to characterize the degree of crosslinking of polymers. The non-
crosslinked part of the polymer matrix can be dissolved with a solvent, and the remaining material was
the crosslinked part. Then the gel content in the polymer matrix can be calculated. Figure 3(b) showed the
results of the gel content of the HBPA/PLA blend. It can be seen that the gel content increased with the
increase of the HBPA content. Cross-linking degree can reach 18.37% when the content of HBPA was
1.2phr, which fully proved the chemical cross-linking between HBPA and PLA, and provided strong
evidence for the enhancement of PLA/HBPA.

3.8 SEM characterization of PLA/HBPA blends
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Figure 4 showed the SEM images of PLA blends with different HBPA content. It can be seen from the
�gure that the impact fracture surface of pure PLA was smooth, which was a typical brittle fracture. With
the addition of HBPA, the fracture surface was no longer smooth, it showed ductile fracture, especially the
fracture surface of the blends with 1.0phr HBPA and the blends with 1.2phr HBPA appeared �lamentous.
More �laments can be seen in the SEM images of the blends with 1.0phr HBPA in Fig. 6(e), indicating that
HBPA had a cross-linking effect in PLA. For the blends with 1.2phr HBPA, HBPA was still evenly
distributed, and there was obvious wire drawing. After the HBPA content was higher than 1.0phr, the
drawing phenomenon and a large number of small particles appeared at the same time. These small
particles were the result of the agglomeration of HBPA. The fracture surface gradually smoothed, the
performance of ductile fracture disappeared, and the ductile fracture began to transform to brittle
fracture, which was in line with the test results of mechanical properties discussed below.

3.6 Rheological characterization of PLA/HBPA blends
Figure 5(a) shows the change of complex viscosity with frequency of blends with different HBPA content
in the molten state. After adding HBPA, the overall melt viscosity had been greatly increased, the trend
was that �rst increased and then decreased, and the blend with 1.0phr HBPA was the highest, indicating
that HBPA did have a physical effect in the matrix. The reason was concluded from the SEM images.
When HBPA was added at 1.0phr or more, agglomeration began to occur. After agglomeration, the effect
of rigid spherical particles in PLA decreased, so the viscosity began to decrease.

Figure 5(b) shows the variation of storage modulus with frequency for blends with different HBPA
content in the molten state. After adding HBPA, the storage modulus of the material was greatly
increased, which re�ected the increase in the melting elasticity of the material. With the increase of HBPA
content, it showed a trend of �rst increasing and then decreasing. The trend was the same as above.
When the HBPA content was higher than 1phr, the effect of HBPA will decrease due to the agglomeration.

Figure 5(c) shows the change of loss modulus with frequency of blends with different HBPA content.
After adding HBPA, the loss modulus of the material was also greatly increased, re�ecting the increase in
the viscosity of the material. Therefore, due to the addition of HBPA, hydrogen bonding and
physicochemical crosslinking made the melt viscoelasticity of the blend increase. The trend is the same
as above, the highest was the blend with 1.0phr HBPA, then it was reduced due to HBPA agglomeration,
corresponding to the tensile strength in the mechanical properties of this system. Therefore, the matrix
can be reinforced by adding HBPA, because of the interaction between HBPA and the matrix.

Figure 5(d) shows the change of loss factor tan δ with frequency for blends with different HBPA content
in the molten state. The tan δ decreased �rst and then increased with frequency, of which the blend with
1.0phr HBPA was the lowest. As is well known, when the storage modulus was much larger than the loss
modulus, the material mainly undergone elastic deformation. When the loss modulus was much larger
than the storage modulus, the material mainly undergone viscous deformation. HBPA reduced the overall
tan δ of the material, which meant that the ratio of the storage modulus to the loss modulus of the
material was reduced, indicating that the addition of HBPA had a greater impact on the viscous modulus
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of the matrix. The role between the molecular chains in the polymer and between the HBPA was mainly to
improve the viscosity of the matrix, so it showed that the effect of mechanics was that the toughness did
not change much but the strength increased.

3.7 POM characterization of PLA/HBPA blends
Figure 6(a) showed the images of the initial crystallization of pure PLA. It can be seen that the crystal
nuclei formed before the crystallization of pure PLA were less and unevenly distributed. The other images
were POM images of the PLA/HBPA blends that crystallized completely within 30 minutes. In these
images, when pure PLA was completely crystallized, the spherulites size was large but the number was
small. With the increase of HBPA content, the size of spherulites �rst decreased and then increased, and
the number of crystals increased �rst and then decreased. Among them, the blend with 0.8phr HBPA and
the blend with 1.0phr HBPA were the most obvious, the good distribution and dispersion of HBPA acted
as a heterogeneous nucleating agent of PLA and induced crystallization. Therefore, the number of
spherulites increased and the size was reduced due to the same space. Later, due to the high content of
HBPA, the agglomeration of HBPA led to poor distribution and dispersion. The agglomerated HBPA only
occupied a little space, so the effect of the nucleating agent was weakened, and the spherulites where
there was no HBPA acting as a nucleating agent return to their original size. The POM images showed
that the blends with 0.8phr HBPA and the blends with 1.0phr HBPA had the best dispersion of HBPA.

3.9 Thermal characterization of PLA/HBPA blends
Figure 8(a) showed the DSC curve of the blend after adding different amounts of HBPA. Table 1 showed
the glass transition temperature (Tg), cold crystallization temperature (Tcc), cold crystallization enthalpy
(ΔHcc), fusion enthalpy (ΔHm), crystallinity (χc) and decomposition temperature(Td) of blends with
different HBPA content. It can be seen that the Tg of pure PLA was 60.3°C, and its Tcc was 117.3°C, and
its χc is 4.22%. With the addition of HBPA, the Tg of the blends was maintained at about 60°C, and the
cold crystallization temperature �rst increased and then decreased. The highest temperature rose to
120.3°C, and the lowest temperature dropped to 112.8°C, which indicated that the steric hindrance caused
by a large number of benzene rings affected the movement of the PLA molecular chain, at the same time,
the hydrogen bonds and micro-crosslinking were also factors that affect the movement of the PLA
molecular chain when the content of HBPA was small, so the crystallization of PLA became di�cult.
While the HBPA content increased, due to the agglomeration of spherical HBPA resulting in lubrication,
the molecular chain was easy to move and crystallization becomes easier, so the cold crystallization of
PLA temperature decreases. And the addition of HBPA had no obvious effect on the crystallinity of PLA
during heating. On the one hand, since the crystallinity of pure PLA was very low during the heating
process, the effect of HBPA on the crystallization of PLA cannot be re�ected in the heating process. The
speci�c impact can be referred to the POM photo during the isothermal crystallization process below. On
the other hand, the addition of HBPA was very low and will not have a signi�cant effect on the
crystallinity of PLA.



Page 9/18

Figure 8 (b) showed the TGA curve of the blend after adding different amounts of HBPA. The initial
decomposition temperature (T5%) of pure PLA was 358.9℃, T50% was 387.3℃, and the temperature at
complete decomposition (T99%) was 619.6℃. After adding HBPA, the decomposition curve was divided
into two stages. Between 300°C and 400°C was the decomposition of the uncrosslinked part of PLA, and
after 400°C was the decomposition of the crosslinked part of PLA. With the addition of HBPA, the
decomposition temperature of PLA decreased and then recovered, indicating that the dispersion and
distribution of HBPA had a certain in�uence on the thermal stability of PLA. The minimum was that the
blend with a content of 1.0phr drops to 383.8°C. The reason was that the better the dispersion of HBPA,
the greater the impact on the bonding energy of PLA. Because the uncrosslinked part of the PLA internal
molecular chain forging was affected by the hydrogen bond generated by HBPA, the bond energy was
reduced, and the initial decomposition temperature was slightly reduced. When the decomposition
reached the cross-linked part, the bond energy of the cross-linked part was larger, so the energy required
for decomposition was higher. From the point of view of the integral area of the decomposition curve in
the second stage, the component with the highest degree of crosslinking was the blend with 1.2phr HBPA.

Table 1
Thermal parameters of HBPA/PLA blend.

HBPA

content

(phr)

Tg

(℃)

Tcc

(℃)

ΔHcc

(J/g)

ΔHm

(J/g)

χc

(%)

T5%

(℃)

T50%

(℃)

T99%

(℃)

HDT

(℃)

0 60.3 117.3 34.69 38.75 4.22 358.9 387.3 619.6 58.7

0.4 60.0 118.8 32.27 36.24 4.12 358.1 386.7 588.3 59.6

0.8 62.1 120.3 29.48 33.64 4.32 355.2 386.2 683.2 60.2

1.0 61.4 118.5 30.24 34.31 4.23 349.5 383.8 680.8 61.2

1.2 61.1 112.8 29.93 34.17 4.40 356.5 386.5 682 59.3

3.10 HDT characterization of PLA/HBPA blends
It can be seen from Table 1 that the thermal deformation temperature of PLA also rose with the addition
of HBPA, which proved that the addition of HBPA can effectively strengthen the PLA and made the PLA
composite material di�cult to deform. PLA had the best reinforcing effect when the content of HBPA was
1.0phr. After the addition amount of HBPA exceeded 1 phr, the reinforcing effect was slightly reduced
because HBPA was easy to agglomerate.

3.11 Mechanical characterization of PLA/HBPA blends

Figure 8(a) showed the mechanical properties of PLA blends with different contents of HBPA. It can be
seen intuitively that the tensile strength �rst increased and then decreased. The blends with 1.0phr HBPA
showed the best tensile strength. Compared with the pure PLA (42.57 MPa), the tensile strength of the
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blends with 1.0phr HBPA (60.36MPa) increased by 41.79%. The elongation at break was almost a
smooth straight line, which was basically maintained at about 1.8%. The impact strength curve was
consistent with the elongation at break. The above results showed that adding an appropriate amount of
HBPA modi�er can increase the strength of the blend. The difference from other inorganic �llers was that
inorganic �llers will reduce toughness while strengthening.

Figure 8(b) was the stress-strain curves of PLA/HBPA blends. It can be seen from the �gure that the
strength of PLA had been signi�cantly improved after adding HBPA, and the strain was always around
1.8%. With the increase of HBPA content, the strength �rst increased and then decreased, and reaching
the maximum when HBPA content was 1.0phr. Figure 8(c) was the integral area under the stress-strain
curve of the PLA blends with different contents of HBPA, which was the tensile fracture energy(UE).
Figure 8(d) showed that the changes of tensile modulus with increasing HBPA content. As can be seen in
the two �gures, the UE and elastic modulus were both improved after adding HBPA, and both reaching the
maximum when HBPA content was 1.0phr.

The mechanical properties test of the blends showed that HBPA had successfully enhanced PLA, and the
increase in fracture energy indicated the transition of the blend from brittle fracture to ductile fracture.
The reason was that HBPA contained a large number of benzene rings, which can provide a certain
rigidity to PLA. Secondly, HBPA molecule terminal contained a large number of amine groups, which can
have strong hydrogen bonding with the hydroxyl and carboxyl groups (containing active hydrogen atoms)
of the PLA resin, which enhanced the force between the PLA molecules. In addition, due to the special
structure of HBPA, such as high degree of branching, active amide bonds on the branch chain and active
terminal amine groups can be used for the chemical action of the groups on the PLA molecular chain,
and form physical and chemical interactions. Therefore, it also improved the strength of PLA. The
distribution of HBPA in PLA can theoretically provide the strength and toughness of the matrix at the
same time28. On the one hand, because HBPA contained a large number of cavities that can provide
energy absorption, on the other hand, the cross-linking effect also improved the toughness to a certain
extent. The benzene ring itself had a strong steric hindrance, and the spherical structure of HBPA led to
easy agglomeration, which will have a certain adverse effect on the toughness of PLA. In the research, the
amount of HBPA added was small. In the case of a small amount, so HBPA had made a valuable
contribution to the improvement of the mechanical properties of PLA.

4 Conclusions
In this work, trimesoyl chloride and p-phenylenediamine were used as monomers to successfully
synthesize amine-terminated hyperbranched polymers. Through characterizations, its groups and
structure were determined, which was proved that the polymers was third-generation and fourth-
generation dendritic hyperbranched polyamide. FTIR spectrum showed that there were hydrogen bonds
between HBPA and PLA. The test results of gel content showed that HBPA and PLA were chemically
cross-linked. The �lamentous phenomenon in the SEM images indicated that cross-linking occurs, and
the spherical particles indicated agglomeration. The studies of thermal performance showed the addition
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of HBPA had a greater impact on the viscous modulus of the matrix. HBPA would act as a nucleating
agent of PLA during the isothermal process. HBPA did not affect the Tg and crystallinity of PLA. The
slight increase in the cold crystallization temperature indicated that the blends were di�cult to crystallize
under the conditions of good dispersion of HBPA in PLA. After HBPA was added, the blend had two
thermal decomposition stages, namely the uncrosslinked part and the crosslinked part. And the addition
of HBPA can increase the heat distortion temperature of PLA. The mechanical test results of the
HBPA/PLA blend showed that the addition of HBPA to PLA can increase the strength of PLA. The
increase in tensile strength was up to 41.8%. In summary, HBPA was an effective additive to enhance
PLA.
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Figure 1

Synthesis process of the four generation HBPA
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Figure 2

Structure characterization of HBPA. (a) FTIR spectra. (b)The 1H-NMR spectrum.

Figure 3

Characterization of intermolecular interactions of blends. (a)FTIR spectra of PLA blends with different
contents of HBPA. (b)The gel content of HBPA/PLA blends.

Figure 4
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SEM images of PLA/HBPA blends

Figure 5

Rheological characterization of blends. (a)The composite viscosity diagrams of HBPA/PLA; (b)The
storage modulus diagram of HBPA/PLA; (c)The loss modulus diagram of HBPA/PLA.; (d)The loss factor
graph of HBPA/PLA
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Figure 6

Isothermal crystallization POM images of PLA blends with different contents of HBPA at 120 °C.

Figure 7

Thermal characterization of blends. (a) DSC curves of HBPA/PLA blend. (b) TGA curves of HBPA/PLA
blend.
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Figure 8

Mechanical properties. (a) 1-Tensile strength; 2-elongation at break; 3-impact strength. (b) Stress-strain
curves of PLA/HBPA blends. (c) Fracture energy (UE) of PLA/HBPA blends. (d) Tensile Modulus of
PLA/HBPA blends.


