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Abstract 
 

In this study, a series of super-toughened poly(lactic acid) (PLA)/cross-linked polyurethane (CPU) blends were prepared via 
one-step dynamic vulcanization of PLA, polyethylene glycol (PEG) and isophorone diisocyanate trimer (IPDIT). FTIR and gel 
tests displayed that the CPU was successfully generated during the dynamic vulcanization reaction. The scanning electron 
microscopy (SEM) images of cryo-fractured and impacted surfaces showed that the PLA/CPU blends had no obvious phase 
separation, which indicated good compatibility between the PLA component and obtained CPU component. It also revealed 
the toughening mechanism dominated by shear yielding. The DSC results show the crystallinity of all the PLA/CPU blends was 
higher than neat PLA, indicating the CPU component can act as a crystallization nucleating agent for the PLA component. 
When the PEG content is 30%, the impact strength and elongation at the break of PLA/CPU blends can be increased to 35 
times and 42 times, respectively. All the results indicate the interfacial reaction and compatibilization between the PLA and 
CPU resulted in the formation of super-toughened PLA/CPU blended materials. 
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1. Introduction  

Much attention to increasing environmental pollution was 

aroused to bio-based polymer materials regarded as substitutes 

for petroleum-based materials.[1-3] Poly(lactic acid) (PLA), a 

kind of aliphatic polyester, has been widely used in many areas 

such as agriculture, textiles, and medical fields, owing to 

complete degradability, good biocompatibility, high 

mechanical strength, and easy to process.[4-7] In particular, 

several shortcomings such as the inherent brittleness of PLA 

limit its further application.[8-10] Therefore, how to improve the 

toughness of PLA became a research hotspot. 

Significant efforts have been devoted to toughening PLA 

so far, including chemical copolymerization,[11,12] physical 

blending,[13] plasticization,[14,15] reactive blending,[11,16] stereo-

complex,[17,18] etc. Blending modification is widely used and 

favored because of its simplicity, high efficiency, and easy to 

industrialize. Yet thermodynamically incompatibility among 

different polymers is responsible for the poor compatibility of 

polymer blends,[19,20] which means that the desired effect is 

unavailable by simple physical blending. For example, due to 

the poor interfacial interaction, the elastomer toughening 

phase was usually detached from the PLA matrix during the 

impact of external force.[21] The interfacial compatibilizers can 

significantly improve the interaction force between the 

blending components.[22] In recent years, dynamic 

vulcanization technology based on reactive blending has 

become one of the most promising methods for preparing 

high-toughness PLA materials. because the interfacial 

compatibilizers can be generated via the in-situ reaction 

during the blending process.[23] The rubber phase is not only 
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selectively vulcanized but also sheared into micro/nanoscale 

rubber particles, which can act as stress concentration points 

to achieve high-efficiency toughening of the PLA.[24] Liu et al. 

prepared a series of super-toughened polymers via dynamic 

vulcanization with PLA, ethylene/n-butyl acrylate/glycidyl 

methacrylate copolymer (EBA-GMA), and zinc ionomer of 

ethylene/methacrylic acid copolymer (EMAA-Zn). They 

found that the EBA-GMA rubber phase can be cross-linked by 

EMAA-Zn, and meanwhile be grafted into the PLA at the 

interface between PLA and EBA-GMA to effectively improve 

the interface interaction and notched impact strength of 

PLA/EBA-GMA blends.[25] Jiang et al. dynamic vulcanized 

PLA and epoxidized natural rubber (ENR) under the induction 

of peroxide, and obtained a series of super-toughened 

PLA/ENR blends with a co-continuous structure.[26] All in all, 

dynamic vulcanization based on reactive blending has unique 

advantages in the toughening of PLA. 

In addition, polyurethane (PU) elastomer is an ideal 

material for medical devices because of its flexibility and 

biocompatibility.[27-30] However, due to the poor interface 

interaction between PU and PLA,[31,32] the toughening effect on 

the PLA matrix is generally unacceptable. To improve the 

interface interaction between PU and PLA, and obtain super-

toughened PLA/PU blends, the dynamic vulcanization based 

on PLA/PU blends system is widely reported in the 

literature.[33-35] Polyurethane elastomer prepolymer (PUEP) is 

a linear or cross-linked intermediate product of PU, which is 

terminated by reactive isocyanate groups (−NCO). Under 

appropriate reaction conditions, PUEP can be vulcanized to a 

rubber phase with a three-dimensional net-like structure. Lu et 

al. prepared a series of PLA/PU blends via the dynamic 

vulcanization of PLA and PUEP systems. During the dynamic 

vulcanization process, a small amount of PLA-g-PU 

copolymer is also formed, and the interface interaction 

between PLA and PU is significantly improved under its 

action.[36] In addition, Shakouri et al. also reported the 

toughness of PLA/PUEP/cellulose nanocrystal composites via 

dynamic vulcanization.[37] However, what the problems remain 

are that a large technical difficulty exists in the synthesis 

process of specific PUEP,[38] and molecular structure design 

also suffers some limitations. Therefore, it is of great 

significance to develop an efficient and flexible dynamic 

vulcanization process to toughen PLA. 

In this work, polyethylene glycol (PEG) and isophorone 

diisocyanate trimer (IPDIT) were employed as soft segments 

and hard segments respectively. Through the one-step 

dynamic vulcanization process of the PLA/PEG/IPDIT system, 

the cross-linked PU and a small amount of PLA-g-CPU were 

in-situ synthesized, and a series of super-toughened PLA/CPU 

blends were obtained. Simultaneously, the interface 

interaction between PLA and CPU was significantly improved 

by in situ formed PLA-g-CPU. The influence of PEG 

molecular weight and content, and the ratio of -NCO/-OH on 

the micro-phase morphology, mechanical properties, and 

thermal properties of the PLA/CPU blends were discussed. To 

the best of our knowledge, a similar reactive compatibilizing 

and toughening route for super-toughened PLA/CPU blends 

through dynamic vulcanization has not yet been reported. The 

research results provide important theoretical value for the 

preparation of high-performance PLA materials.  

 

2. Materials and methods  

2.1 Materials 

PLA (2003D) was purchased from NatureWorks LLC 

(Minnetonka, MN). PEG1000, PEG4000, PEG10000, and 

PEG20000, were obtained from Shanghai Macklin 

Biochemical (China) Co., Ltd. Isophorone diisocyanate trimer 

(IPDIT) was obtained from Covestro Co., Ltd. 

Dichloromethane and Dibutyltin dilaurate was obtained from 

Shanghai Macklin Biochemical (China) Co., Ltd. 

 

2.2 Sample preparation 

Before processing, PLA and PEG were dried at 80 °C under a 

vacuum for 8 h. PLA/CPU blends with various PEG loading, 

PEG molecular weight, and the molar ratio of isocyanate 

groups from IPDIT to hydroxyl groups from PEG were melt-

compounded by using a HAAKE torque rheometer with a 

chamber volume of 55 cm3 and roller blades at 180 °C. The 

rotor speed was kept at 60 rpm for 15 min. PEG and catalyst 

were added after PLA was completely melted for about 3 min. 

Then, IPDIT was added after PLA and PEG were blended 

uniformly, and the blending was continued for another 5 min. 

All blends were immediately cooled and cut into pellets. These 

pellets were dried at 80 °C for more than 4 h. After being oven-

dried, the pellets were injection-molded into specimens. The 

temperature profile of the injection barrels was 

170 °C/165 °C/160 °C from the first heating zone to the nozzle. 

The injection pressure was set at 20 MPa. All test specimens 

were conditioned for 7 days at 25 °C and 50% relative 

humidity prior to testing and characterization. The detailed 

formulations of the PLA/CPU blends were listed in Table 1.  

Table 1. The formulations of PLA/CPU blends. 

Code PLA (wt %) PEG (wt %) 
IPDIT 

(wt %) 

Neat PLA 100 0 0.0 

1K/10%/1.1 90 10 7.9 

1K/20%/1.1 80 20 15.8 

1K/30%/0.8 70 30 17.2 

1K/30%/1.1 70 30 23.7 

1K/30%/1.3 70 30 28.1 

4K/30%/1.1 70 30 5.8 

1W/30%/1.1 70 30 2.3 

2W/30%/1.1 70 30 1.2 

 

2.3. Characterization 

2.3.1 Gel content measurement 

Samples with a predetermined weight (Mi≈1g) were cut into 

very small pellets. The extraction was performed by using a 

Soxhlet extractor for 3 days with an excess volume of boiling 



Engineered Science                                                                                                          Research article 

© Engineered Science Publisher LLC 2022                                                                         Eng. Sci., 2022, 19, 89-99 | 91 

dichloromethane. The fraction of the sample that did not 

dissolve in dichloromethane but just swelled was then 

weighed (Mf ) after complete drying under vacuum at room 

temperature. The insoluble fraction must consist of the 

vulcanized PU and possibly PLA chains, which reacted with 

PU. The Gel fraction was calculated according to Eq. (1).[39] 

Gel content (%) = 
Mf

Mi

×100%             (1)                 

 

2.3.2 Fourier transform infrared analysis (FTIR) 

FTIR spectra of the PLA/CPU blends and insoluble sample 

fractions were recorded at room temperature using Fourier-

transform infrared spectroscopy (FTIR, Nicolet iS5, USA). 

And the FTIR was used to analyze the chemical structures in 

the wavenumber range of 500-4000 cm-1. 

 

2.3.3 Scanning electron microscopy (SEM) 

The morphologies of blends were examined by scanning 

electron microscopy (FE-SEM, Hitachi SU8010) at an 

accelerating voltage of 5 kV. The injection-molded bars were 

cryo-fractured in liquid nitrogen and then sputter-coated with 

a thin layer of gold prior to examination. The fractured 

surfaces after the impact test were also observed by the same 

SEM apparatus. 

 

2.3.4 Differential Scanning Calorimetry (DSC) 

A differential scanning calorimeter (DSC, TA 25, USA) was 

used to examine the crystallinity degree. The samples, with 

weight in the range of 7-9 mg, were melted at 200 °C for 5 min 

and then cooled to 0 °C at a rate of 10 °C/min. After cooling, 

the polymers were subsequently heated to 200 °C at 10 °C/min. 

During the DSC runs, a nitrogen flow at a rate of 50 mL/min 

was constantly applied. The crystallinity degree Xc (%) of the 

PLA component in the different blends were calculated using 

the following formula: 

   Xc (%) = 
∆Hm-∆Hcc

∆Hm°×Wf

×100%              (2)  

where ∆Hm  and ∆Hcc  are the measured enthalpies of 

melting and cold crystallization for the PLA phase in the 

blends, ∆Hm
°

 is the melting enthalpy of 100% crystalline PLA 

(93.7 J/g), and Wf is the weight fraction of PLA in the blend. 

 

2.3.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA, TA 55, USA) was 

performed under a nitrogen atmosphere at heating rates of 

10 °C/min ranging from 30 °C to 700 °C.  

 

2.3.6 Mechanical properties measurements 

The tensile strength of samples was tested at room temperature 

according to the ISO 527-5:1997 standards for modified 

material splines. The tensile speed was 50 mm/min. The 

impact strengths of samples were tested at room temperature 

according to the ISO 180:2019 standard with a notch, the 

pendulum impact angle was -150°, and the average value of 

five tests for each performance test result was taken as the final 

value. 

 

3. Result and discussion 

3.1 Reaction mechanism 

The molecular structure of IPDIT Contains three isocyanates, 

which are very easy to react with -OH from PEG or PLA.[40, 41] 

Therefore, when dynamic vulcanization between PLA, PEG, 

and IPDIT occurred, not only CPU was generated in-situ via 

the reaction between PEG and IPDIT, but also the PLA-g-PEG 

copolymer was generated as interface compatibilizer via the 

reaction between PEG, IPDIT, and PLA.[42] 

Figure 1a shows the torque curve with time during the 

dynamic vulcanization of the PLA/CPU blends. It could be 

clearly seen that the whole process is divided into three stages. 

The first stage was the melting process of PLA pellets in the 

torque rheometer. As time went by, the curve first increased 

and then decreased. The torque value decreased rapidly with 

the addition of PEG in the second stage, which was attributed 

to the lubrication and plasticization of PEG.[43] The third stage 

was the in-situ reaction process of IPDIT, PEG, and PLA. 

When IPDIT was added, the torque value dropped slightly. 

However, with the vulcanization process, the torque value 

increased gradually until remaining constant, suggesting the 

end of the vulcanization. 

To confirm the formation of polyurethane (PU) during 

dynamic vulcanization, the FTIR spectra of 1K/30%/1.1 and 

its gel fraction were recorded and compared with neat PLA. 

From Fig. 1b, compared with neat PLA, a new absorption peak 

at 1540 cm-1 in the blends was the characteristic absorption 

peak of urethane, which sufficiently evidenced that 

polyurethane was successfully formed during blending. 

Accordingly, the isocyanate group peak in 2270 cm-1 could not 

be detected, which means the complete consumption of 

IPDIT.[44] The N-H absorption peak at 3325 cm-1 and neat PLA 

carbonyl absorption peak at 1758 cm-1 could be seen in the 

FTIR spectra of Gel-1K/30%/1.1, which indicated that the 

CPU was successfully generated during the dynamic 

vulcanization. Moreover, to a certain degree, the reaction 

between PLA and IPDIT achieved interface compatibilization. 

To verify the CPU generated in the blends, the cross-linked 

part of the PLA/CPU blends was extracted with 

dichloromethane, and the results are shown in Fig. 1c. Due to 

neat PLA without a cross-linked structure, the mass fraction 

gel was 0. For PLA/CPU blends, the gel content increased 

with the increase of PEG content and -NCO/-OH. Remarkably, 

an increase in the molecular weight of PEG brought a decrease 

in gel content, since the decreased feed content of IPDIT will 

reduce the possibility of the reaction between PEG and IPDIT. 

We also found that the gel content of all blends is lower than 

the theoretical value when the PEG dosage is 30%, indicating 

that only part of the PEG cloud efficiently participates in CPU 

synthesis. 

The main components of gel may be cross-linked PLA and 

CPU, so TGA was performed to determine the content of the 

CPU. Figs. 1d-f show the TGA curves of insoluble fraction  
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Fig. 1 (a) Torque versus time curves during the dynamic vulcanization; (b) FTIR spectra of the PLA/CPU blend and gel; (c) Gel 

content of the PLA/CPU blends; (d) - (f) TGA curves of gel; (g) - (i) Individual gel fraction of the PLA and CPU phases in gel. 

 

with different PEG molecular weights, PEG content, and -

NCO/-OH ratio. Two-stage weight loss can be observed in all 

the curves. The first stage and the second stage belong to PLA 

and CPU weightless, respectively.[43] The mass fractions of 

cross-linked PLA and CPU calculated according to TGA 

curves are shown in Figs. 1g-i. As we all know, higher 

molecular weight PEG usually lower activity and contains 

fewer terminal hydroxyl groups under the same mass, which 

leads to a decrease in the CPU content of the blends. It is 

interesting to find that PLA content is higher than CPU when 

PEG contents are 10% and 20% in Fig. 1h, indicating that the 

less PEG content, the higher the reaction probability between 

IPDIT and PLA. 

The performance of the polymer largely depends on phase 

morphology, and SEM can be used to observe the apparent 

morphology of the PLA/CPU blends. As shown in Fig. 2, neat 

PLA exhibited a smooth and clean surface. On the other hand, 

all the PLA/CPU blends, without “sea-island” structural and 

obvious phase separation, showed good compatibility. As the 

PEG content increased, the surface of the blends began to 

become rough, but no obvious phase separation was observed. 

The influence of the molecular weight of PEG on morphology 

is that the higher molecular weight of PEG led to worse 

interfacial adhesion. However, thanks to a large number of 

ether bonds and terminal hydroxyl groups of the PEG main 

chain, good compatibility still was a distinct feature in all 

PLA/CPU blends. 

 
Scheme 1. Reaction mechanism of the PLA/CPU blends. 
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Fig. 2 SEM images of cryo-fractured surfaces for (a) Neat PLA, (b) 1K/10%/1.1, (c) 1K/20%/1.1, (d) 1K/30%/0.8, (e) 1K/30%/1.1, 

(f) 1K/30%/1.3, (g) 4K/30%/1.1, (h) 1W/30%/1.1, (i) 2W/30%/1.1. 

 

The principle of the dynamic vulcanization process to 

prepare the PLA/CPU blends is shown in Scheme 1. The -

NCO is the characteristic functional group of IPDIT, easily 

reacting with the -OH groups in PEG to form polyurethane. 

Concurrently IPDIT also acts as a chemical crosslinking point 

to form a cross-linked polyurethane dispersed in the PLA 

matrix. Moreover, PLA-g-CPU generated during dynamic 

vulcanization, can achieve in-situ compatibilization by 

bridging the two phases of PLA and CPU, effectively 

enhancing the interface force. 

 

3.2. The influence of PEG molecular weight on the 

properties of blends 

The molecular weight of PEG is highly related to the length of 

the soft segment in the CPU, which directly affects the 

flexibility of the CPU.[45] To explore the effect of different 

flexible CPUs on the toughening effect of PLA, we selected 

PEG with different molecular weights as the raw materials to 

study the mechanical properties of the blends. As shown in Fig. 

3a, the stress-strain curve of neat PLA showed typical brittle 

behavior clearly, with tensile strength and elongation of 60 

MPa and 11% respectively. With shifting the molecular weight 

of PEG from 1000 to 20000, the elongations of those blends 

were 246%, 234%, 396%, and 459% respectively. However, 

the tensile strength of the blends decreased significantly as the 

molecular weight of PEG increased. The impact strength is 

considered a measure of the material’s toughness.[46] The 

results of neat PLA and the PLA/CPU blends are shown in Fig. 

3b. The impact strength of neat PLA is only 2.31kJ/m2. After 

the introduction of the CPU, the impact strength of the blends 

first decreased and then increased with the molecular weight 

of PEG. The test results show that different PEG molecular 

weights can significantly improve the impact strength of the 

PLA/CPU blends. However, there is no obvious correlation 

between toughness and molecular weight. To further explore 

the effect of molecular weight on blends, the crystallinity of 

blends was discussed next. 

PLA is a kind of typical semi-crystalline polymer, whose 

crystallization process and crystallinity have a great influence 

on mechanical properties. Therefore, the crystallization 

behavior of the PLA/CPU blends was analyzed by DSC 

exhibited in Fig. 4, and thermal parameters are listed in Table 

S1. From Fig. 4b of a heating process, PEG melting peaks 

appeared in the range of 40 ℃-60 ℃ in the samples of 4 

K/30%/1.1/, 1 W/30%/1.1, and 2 W/30%/1.1. Fig. 4a shows 

the cooling process of the blends. It is obvious that the PLA 

and PEG crystallization peaks appeared in 4 K/30%/1.1/, 

1W/30%/1.1 and 2 W/30%/1.1. This phenomenon may be 

caused by two reasons: 1. The blend contains more unreacted 

PEG, which can self -crystallize and promote PLA  
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Fig. 3 (a) Tensile stress-strain curves of the blends with different molecular weights, (b) Impact strength of the blends with different 

molecular weights. 

  

crystallization; 2. Even though PEG reacted with IPDIT, the 

middle segment of the chain of PEG was long enough to 

crystallize itself and improve the migration ability of PLA. 

When the molecular weights of PEG were 4000, 10000, and 

20000, the crystallinity was 27.4%, 45.21%, and 49.87%, 

respectively. Compared with the crystallinity of neat PLA 

(5.10%), the crystallinity of the blends has significantly 

improved, which is consistent with the change in impact 

strength results. However, 1K/30%/1.1 with a crystallinity of 

7.95% still had ultra-high impact strength, which was 

attributed to the fact that the high content of the CPU can 

effectively absorb external energy.[47] 

 

3.3 The influence of PEG content on the properties of 

blends 

To study the effect of CPU content on the properties of the 

PLA/CPU blends, the molecular weight of PEG and the ratio 

of -NCO/-OH were fixed, and then the content of PEG in the 

system was changed from 10% to 30%. Fig. 5a shows the 

stress-strain curves of the blends. With only 10% PEG added, 

the elongation exceeded 150%, and the tensile strength was 

only reduced by 16%. With the further increase of PEG 

content, the elongation at break first decreased and then 

increased, while the tensile strength had been declining. The 

impact strength results are shown in Fig. 5b. No matter 

whether the PEG content is 10% or 20%, the impact strength 

is below 5 kJ/m2. After 30% PEG was added, however, the 

impact strength was up to 72.05 kJ/m2, which suggested that 

higher content of CPU would bring better toughness. 

The DSC heating curves of the PLA/CPU blends with 

different CPU content are exhibited in Fig. 6b. The cold 

crystallization temperature of all blends had declined, 

indicating that the existence of the CPU was beneficial to the 

crystallization of PLA. In Fig. 6a, contrary to the previous 

study, there is no crystallization peak of PEG and PLA in the 

cooling process, demonstrating more reaction in the system. It 

can also be found that more CPU content could bring higher 

crystallinity from Table S2. Although the changing trend of 

crystallinity was consistent with the impact strength, there was 

no significant increase in crystallinity compared to neat PLA. 

Therefore, the reason why the impact strength varied with 

PEG content was owing to the increase in CPU content. 

 
Fig. 4 The DSC heating (a) and cooling (b) curves of neat PLA and the blends with different molecular weights. 
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Fig. 5 (a) Tensile stress-strain curves of the blends with different PEG content, (b) Impact strength of the blends with different PEG 

content.

3.4 The influence of NCO/-OH on the toughening effect 

As we all know, the degree of cross-linking has a significant 

impact on the properties of the obtained materials.[48] In this 

study, we adjusted the ratio of -NCO/-OH to study how the 

degree of cross-linking affects the properties. Fig. 7a displays 

that when -NCO/-OH was 0.8, 1.1, and 1.3, the elongations at 

break were 285%, 246%, and 334%, respectively, which were 

26 times, 22 times, and 30 times higher than neat PLA. 

Obviously, as a result of the substantial increase in elongation, 

the tensile strength exhibited an opposite trend. The results of 

the impact strength are shown in Fig. 7b. Overall, the impact 

strength increased first and then decreased. Interestingly, the 

impact strength was only 13.97 kJ/m2 with fixing the ratio of 

-NCO/-OH at 0.8, which was much lower than those of 1.1 

and 1.3. The excellent toughening effect of 1 K/30%/1.1 and 

1 K/30%/1.3 was closely related to the degree of cross-linking. 

According to the gel results, as the -NCO/-OH ratio increased, 

the gel mass fractions were 25.02%, 39.38%, and 41.76%, 

respectively. In other words, it is because of lower CPU 

content that 1 K/30%/0.8 exhibited poor results of the impact 

strength. 

The DSC heating curves of the PLA/CPU blends with 

different crosslinking degrees are shown in Fig. 8b. According 

to the thermal parameters in Table S3, it was clearly observed 

that the higher degree of cross-linking caused lower 

crystallinity. When -NCO/-OH was 0.8, excessive PEG not 

only promoted PLA chain migration ability but also served as 

heterogeneous nucleation points to crystallize PLA. There was 

no marked change in the CPU content with varying -NCO/-

OH from 1.1 to 1.3. However, the higher degree of 

crosslinking would hinder the movement of the PLA chain, 

leading to a lower crystallinity. Yet the crystallinity of those 

blends was almost identical, which indicated that the 

crystallinity was not an important factor in toughness here. 

 

3.5 Toughening mechanism 

In previous research, the results of mechanical properties 

demonstrated a great improvement in toughness. For what 

concerned the PLA/CPU blends, the toughening mechanism 

about how the CPU affects the blends was still an issue. SEM 

was used to photograph the three areas of the impact fractured 

surfaces of the samples, and respectively marked as 1/2/3, 

which is shown in Scheme 2. The impact sections are shown 

in Fig. 9. The three sections of neat PLA are very smooth, 

 
Fig. 6 The DSC heating (a) and cooling (b) curves of neat PLA and the blends with different PEG content. 



Research article                                                                                                          Engineered Science 

96 | Eng. Sci., 2022, 19, 89-99                                                                        © Engineered Science Publisher LLC 2022 

 
Fig. 7 (a) Tensile stress-strain curves of the blends with different -NCO/-OH, (b) Impact strength of the blends with different -NCO/-

OH. 

 

which is characteristic of brittle fracture. On the contrary, the 

surfaces of the PLA/CPU blends are relatively rough,  

obviously indicating the characteristic of ductile fracture. 

Crazing and shear yielding are the two main mechanisms of 

rubber toughening polymers.[49,50] CPU formed by PEG as the 

soft segment and IPDIT as the hard segment was dispersed in 

the PLA matrix as an elastic polymer. CPU can act as a stress 

concentration point in the PLA matrix. When impacted, the 

CPU not only induced a large number of shear zones and 

crazing and absorb a large amount of energy, but also 

 
Fig. 8 The DSC heating (a) and cooling (b) curves of neat PLA and the blends with different -NCO/-OH. 

 
Scheme 2. Schematic diagram of fracture mechanism. 
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Fig. 9 SEM images of impact fractured surfaces for (a1-a3) Neat PLA, (b1-b2) 1K/10%/1.1, (c1-c2) 1 K/20%/1.1, (d1-d3)1K/30%/1.1 

 

prevented the crazing from further developing into cracks and 

greatly improved the toughness. As the CPU content increased, 

the surfaces became rough, accompanied by distinct plastic 

deformation and stress whitening. 

 

4. Conclusions 

In this paper, the PLA/CPU blends were successfully prepared 

by dynamic vulcanization and exhibited great mechanical 

properties. Simultaneously, we focused on the influence of 

PEG molecular weight, CPU content, and the ratio of -NCO/-

OH on the mechanical properties, crystallization properties, 

and compatibility of the blends. Through FTIR spectroscopy, 

gel content test, and TGA, sufficient evidence demonstrated 

that CPU and PLA-g-CPU were generated during the reaction 

process. According to the phase morphology analysis, thanks 

to PLA-g-CPU, there was phase separation in the blends, 

which reflected good compatibility between PLA and CPU. 

The impact fracture surfaces were analyzed, to reveal the 

fracture mechanism dominated by shear yield. Comparing the 

mechanical properties of different PLA/CPU blends, what we 

found was that the higher the molecular weight of PEG, the 

more unreacted PEG in the blends, which would cause PEG to 

precipitate on the surface and affect the use of materials. The 

CPU can effectively absorb external energy, whose content 

was directly related to the toughness. Most surprisingly, the 

impact strength by adding 30% PEG into the blends was up to 

72.05 kJ/m2, which is much higher than that with only 20% 

PEG. No matter the higher or lower degree of cross-linking, 

the material properties would not be maximized. Finally, a 

conclusion was that fixing the ratio of -NCO/-OH at 1.1 was 

the best choice in our study. 

Dynamic vulcanization to enable the in-situ formation of 

CPU in the PLA matrix, overcoming the drawbacks of poor 

toughness of PLA, is thus proposed as a promising route for 

potentially widening its application range. 
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