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4. บทคัดยอ  

 

พอลิแลกไทดเปนพลาสติกยอยสลายไดทางชีวภาพทีรู่จักกันอยางแพรหลาย เนื่องจากสมบัติทีโ่ดด

เดนหลายประการ เชน ความแข็งแรงและมอดุลัสสูง ความใส เปนวัสดุที่เปนมิตรตอสิ่งแวดลอม ไมเปนเพิษ 

และสามารถยอยสลายไดทางชีวภาพ เปนตน แตอยางไรก็ตาม ขอจํากัดของพอลิแลกไทด คือ การยืดตัวได

นอยและการเกิดผลึกชาซึ่งทําใหประยุกตใชในงานดานฟลมและบรรจุภัณฑไดจํากัด  ในงานวิจัยนี้สนใจศึกษา

การปรับปรุงสมบัติการยืดตัวและความเหนียวของพอลิแลกไทด  ฟลมพอลิเมอรผสมของพอลิแลกไทดทีมี่การ

เติมสารพลาสติไซเซอรและพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลตถูกเตรียมผานการใชเครือ่งอัดรีดแบบสกรูคู  

สมบัติการยืดตัวและความเหนียวของพอลิแลกไทดถูกปรับปรุงผานกระบวนการกอผลึก การเพิม่ความเปน

พลาสติก และการปรับปรุงความเขากันได ตามลําดับ  พลาสติไซเซอรและสารกอผลึกถูกใชเพื ่อเพิ ่ม

ความสามารถในการเคลื่อนไหวไดของสายโซพอลิเมอรและการเกิดผลึกของพอลิแลกไทด ขณะที่สารเสริม

สภาพความเขากันไดถูกใชเพือ่ปรับปรุงอันตรกิริยาระหวางเฟสของพอลิเมอรผสมของพอลิแลกไทดและพอลิ

บิวทิลีนอะดิเพตโคเทเรฟแทเลต  ไตรเอทิลซิเตรท ไตรคลีซิลฟอสเฟต และพอลิเอธิลีนไกลคอลถูกใชเปน พลาส

ติไซเซอรท่ี 0 ถึง 20 สวนในรอยสวน ขณะที่ไทเทเนียมไดออกไซด ทัลค และแคลเซียมคารบอเนตขนาดนาโน

ถูกใชเปนสารกอผลึกที ่0 ถึง 4 สวนในรอยสวน  นอกจากนี ้โทลูอีนไดฟนิลไดไอโซไซยาเยตและพอลิแลกไทด

กราฟตมาเลอิกแอนไฮไดรถูกใชเปนสารเสริมสภาพความเขากันไดที่รอยละ 0 ถึง 9 โดยน้ําหนักของพอลิบิวทิ

ลีนอะดิเพตโคเทเรฟแทเลต  ผลของปรมิาณพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลต ชนิดและปริมาณของพลาสติ

ไซเซอร สารกอผลึก และสารเสริมสภาพความเขากันได รวมทัง้อัตราสวนในการผสมที่มีตอสมบัติทางกายภาพ 

สมบัติทางความรอน ลักษณะทางสัณฐานวิทยา และสมบัติเชิงกลของพอลิเมอรผสมของพอลิแลกไทดถูกศึกษา  

ผลการทดลองแสดงใหเห็นวาการเติมสารกอผลึกชวยเพิ่มการยืดตัวและความทนแรงกระแทกใหกับพอลิแลก

ไทดได แตการเติมในปริมาณมากเกินไปทําใหความทนแรงดึงลดลง เมื่อเปรียบเทียบกันแลวพบวาการใช

ไทเทเนียมไดออกไซด ใหสมบัติดีทีสุ่ดเมือ่ ทัลค และแคลเซียมคารบอเนตขนาดนาโน นอกจากนี้ การเติมสาร

กอผลึกรวมกับพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลตที่รอยละ 10 โดยน้ําหนักชวยปรับปรุงการยืดตัว ความทน

แรงกระแทก และเสถียรภาพทางความรอนใหกับพอลิแลกไทดได  สําหรับการเติมพลาสติไซเซอร พบวาไตร

เอทิลซิเตรทเหมาะทีจ่ะนํามาใชกับพอลิแลกไทด  พอลิแลกไทดกราฟตมาเลอิกแอนไฮไดรแสดงใหเห็นวาเปน

สารเสริมสภาพความเขากันไดที่มีประสิทธิภาพทีด่ีกวาโทลูอีนไดฟนิลไดไอโซไซยาเยตเพื่อเพิม่ความเขากันได

และปรับปรุงสมบัติตาง ๆ ของฟลมพอลิเมอรผสม 
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Abstract 

Polylactide (PLA) becomes a well-known biodegradable plastic because of many 

outstanding advantages i.e., high strength, high modulus, transparency, environmentally 

friendly material, non-toxicity, and fully degradation in few weeks.  However, drawbacks of 

PLA are brittleness and slow crystallization which limits its several usages, especially in film 

and packaging applications.  In this work, we focus on an improvement of PLA properties in 

terms of flexibility and toughness.  Plasticized PLA and poly(butylene adipate-co-

terephthalate) (PBAT) biodegradable blend films were prepared through melt extrusion 

technique.  Flexibility and toughness of the PLA blend films were developed by nucleation, 

plasticization, and compatibilization processes, respectively.  Plasticizers and nucleating 

agents were used for enhancing chain mobility and crystallization of the PLA blend films, 

whereas compatibilizers were added for improving an interfacial adhesion between two 

phases of PLA and PBAT.  PBAT acts as an impact modifier, while triethyl citrate (TEC) 

tricresyl phosphate (TCP), and poly(ethylene glycol) 400 (PEG 400) are used as a plasticizer.  

Titanium dioxide, nano-precipitated calcium carbonate (NPCC) and talc act as a nucleating 

agent.  Furthermore, PLA and PBAT blend films were compatibilized by two types of 

compatibilizers (toluenediphenyl diisocyanate (TDI) and maleic anhydride (MA)).  PBAT 

content was varied from 0 to 50 wt%, whereas plasticizer, nucleating agent, and 

compatibilizer levels were differed from 0 to 20 phr, 0 to 2 phr, and 0 to 9 wt% based on 

PBAT amounts, respectively.  The effects of PBAT amounts, types and contents of plasticizer, 

nucleating agent, and compatibilizer, as well as blend compositions on the physical, 

thermal, morphological, and mechanical properties of the PLA blend films were investigated.  

The results indicated that the addition of a nucleating agent greatly increased the elongation 

at break and the impact strength of PLA; however, the tensile strength decreased especially 

with high amounts of loading.  Comparatively, the overall properties of the PLA composites 

with titanium dioxide were higher than those containing NPCC and talc.  For the 

PLA/PBAT/nucleating agent blend films, the results indicated that the presence of 10 wt% 

PBAT significantly improved the elongation at break, impact toughness, and thermal stability 

of PLA but decreased its tensile strength.  Furthermore, TEC could be an effective plasticizer 

for PLA.  PLA-g-MA showed a greater efficiency than TDI for improving the overall properties 

of the compatibilized PLA/PBAT blend films 
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5. บทสรุปผูบริหาร 

5.1 บทนาํ 
 หนึ่งในพลาสติกยอยสลายไดทางชีวภาพท่ีเปนท่ีรูจักและยอมรับวามีความเปนไปไดมากที่สุด

ที่นํามาใชทดแทนพลาสติกทัว่ไป คือ พอลิแลกไทด (Polylactide, PLA)  เนื่องจากพอลิเมอรชนิดนีมี้

ขอดีหลายประการ อาทิ สามารถยอยสลายไดในระยะเวลาอันสั ้น ผลิตภัณฑทีไ่ดไมเปนพิษตอ

สิง่แวดลอม มีสมบัติเชิงกลหลายประการเทียบไดกับพลาสติกทางการคาอยาง พอลิเอทิลีนเทเรฟแท

เลต (Poly(ethylene terephthalate), PET) และพอลิสไตรีน (Polystyrene, PS) ซ่ึงมีความใส 

น้ําหนักเบา ข้ึนรูปเปนนผลิตภัณฑตางๆไดงาย และประยุกตใชงานในดานตางๆไดอยางหลากหลายท้ัง

งานดานการแพทย วิศวกรรมเนื้อเยือ่ การเกษตรกรรม อุตสาหกรรมรถยนต รวมทั้งบรรจุภัณฑตางๆ 

เชน ฟลม โฟม เปนตน   อยางไรก็ตาม ขอจํากัดของการใชงานพอลิแลกไทดคือ ราคาทีค่อนขางสูง

เมื่อเปรียบเทียบกับพลาสติกทางการคาจําพวกพอลิโอเลฟนสที่ใชกันอยางแพรหลายในงานดานบรรจุ

ภัณฑ เนือ่งจากเทคโนโลยีในการผลิตทียุ่งยากซับซอน  นอกจากนี ้พอลิแลกไทดยังมีความหนืดขณะ

หลอมเหลวสูง แข็งแตเปราะ รวมท้ังสมบัติการยืดตัวท่ีนอย ทําใหการนําพอลิแลกไทดไปใชงานในดาน

ตาง ๆ ยังคอนขางจํากัด โดยเฉพาะอยางยิง่ การใชงานเปนฟลมและบรรจุภัณฑ  แนวทางหนึง่ที่

นาสนใจทีใ่ชในการแกปญหาคือ การใชเทคโนโลยีการผสมกับวัสดุอืน่ที่มีความเหนียวและยืดตัวไดดี 

เพื่อปรับปรุงสมบัติการยืดตัวไดของพอลิแลกไทด  ตัวอยางเชน การผสมพอลิแลกไทดกับพอลิบิวทิ

ลีนอะดิเพตโคเทเรฟแทเลต (PBAT) เปนตน 

พอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลต (PBAT) ก็เปนอีกหนึ่งในพลาสติกยอยสลายไดทาง

ชีวภาพท่ีกําลังไดรับความสนใจมากข้ึนๆ เนื่องจาก ขอโดดเดนหลายประการ เชน นอกจากจะสามารถ

ยอยสลายไดอยางสมบูรณภายในระยะเวลาไมนาน ไมเปนพิษตอสิ่งแวดลอม สามารถนํามาใชงานเปน

บรรจุภัณฑท่ีใชกับอาหารไดแลว ยังมีสมบัติการยืดตัวไดสูงมากเม่ือเปรียบเทียบกับพลาสติกยอยสลาย

ไดทางชีวภาพชนิดอื่นๆ  ทําใหการประยุกตใชงานดานตาง ๆ ของพอลิบิวทิลีนอะดิเพตโคเทเรฟ    

แทเลตมีความหลากหลาย    อยางไรก็ตาม แนวทางดังกลาวยังไมไดรับการพัฒนาอยางแพรหลายนัก

ในประเทศไทยหรือยากทีจ่ะสามารถนํามาใชไดในระดับอุตสาหกรรม  เนื่องจากพอลิแลกไทดและพอ

ลิบิวทิลีนอะดิเพตโคเทเรฟแทเลตนัน้เขากันไดไมดี  ทําใหสามารถเติมพอลิบิวทิลีนอะดิเพตโคเทเรฟ

แทเลตลงในพอลิเมอรผสมไดในปริมาณทีจ่ํากัด  เนือ่งจากปริมาณรอยละของพอลิบิวทิลีนอะดิเพตโค

เทเรฟแทเลตทีเ่พิ่มขึ้นทําใหเกิดการแยกเฟส (phase separation) ของวัสดุทัง้สองอยางชัดเจน และ

สงผลใหสมบัติเชิงกลของพอลิเมอรผสมท่ีไดต่ําลง  จึงตองมีการปรับปรุงสมบัติของวัสดุอีกหลายอยาง

ระหวางการผสม เชน การใชสารเสริมสภาพความเขากันไดเพือ่เพิ่มความเขากันไดของพอลิแลกไทด

และพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลต การเติมสารกอผลึกเพื่อชวยเพิ่มอัตราเร็วในการเกิดผลึก

และปรับปรุงสมบัติเชิงกลของพอลิเมอรผสม รวมท้ังการใชพลาสติไซเซอรรวมดวยเพ่ือใหเกิดการเสริม

ประสิทธิภาพในการยืดตัวไดของพอลิเมอรผสม ซึ่งจากการทบทวนวรรณกรรมที่ผานมาของผูวิจัย 

พบวา แนวทางการใชงานรวมกันของทั้งสารกอผลึก พลาสติไซเซอร และสารเสริมสภาพความเขากัน
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ไดยังไมมีการศึกษาและวิจัย มีเพียงการแยกศึกษาในแตละการใชงานแบบเดี่ยว ๆ ของสารเติมแตงซ่ึง

ก็ปรับปรุงสมบัติไดอยางมีประสิทธิภาพ  ดังนัน้ มีความเปนไปไดสูงที่การใชงานรวมกันจะสามารถทํา

ใหมีการปรับปรุงสมบัติดานความเหนียวและการยืดตัวไดของพอลิแลกไทดไดอยางมีนัยสําคัญ อันจะ

นําไปสูความกาวหนาในเชิงวิชาการของงานวิจัยดานพลาสติกยอยสลายไดทางชีวภาพ และการใชงาน

ดานตาง ๆ ที่กวางขวางขึ้นของพอลิแลกไทด ดังนั้น งานวิจัยนีจ้ึงมีวัตถุประสงคเพื่อศึกษาวิธีการ

เตรียมฟลมพอลิเมอรผสมที่สามารถยอยสลายไดทางชีวภาพของพอลิแลกไทดและพอลิบิวทิลีนอะดิ

เพตโคเทเรฟแทเลตดวยเครื่องอัดรีดแบบสกรูคูและเครื่องกดอัด   โดยศึกษาการผสมพอลิเมอรและ

สารเติมแตงตาง ๆ เชน สารกอผลึก พลาสติไซเซอร และสารเสริมสภาพความเขากันไดทีอั่ตราสวน

แตกตางกัน เพ่ือปรับปรุงสมบัติความเหนียว และการยืดตัว ณ จุดขาดของพอลิแลกไทด   ในงานวิจัย

นี้เนนทําการศึกษาผลของปริมาณของพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลต  ชนิดและปริมาณของสาร

กอผลึก พลาสติไซเซอร และสารเสริมสภาพความเขากันไดที่มีตอสมบัติทางกายภาพ สมบัติเชิงกล 

สมบัติทางความรอน และลักษณะทางสัณฐานวิทยาของพอลิเมอรผสมท่ีเตรียมได 

5.2 วัตถุประสงค 

- เพื่อศึกษาวิธีการและสภาวะที่เหมาะสมในการเตรียมฟลมพอลิเมอรผสมที่สามารถยอย

สลายไดทางชีวภาพของพลาสติไซดพอลิแลกไทดและพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลต 

- เพือ่ศึกษาผลของปริมาณของพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลต ชนิดและปริมาณของ 

พลาสติไซเซอร สารกอผลึกและสารเสริมสภาพความเขากันได  รวมทัง้ ผลของอัตราสวน

องคประกอบตาง ๆที่มีตอสมบัติทางกายภาพ สมบัติเชิงกล สมบัติทางความรอน และ

ลักษณะทางสัณฐานวิทยาของพอลิเมอรผสมพอลิแลกไทดเปรียบเทียบกับพอลิแลกไทด

บริสุทธิ์ 

   - เพ่ือปรับปรุงความสามารถในการยืดตัวและความเหนียวของฟลมพอลิเมอรผสม 

 

5.3 สรุป 

   จากงานวิจัยแสดงใหเห็นไดชัดเจนวาแนวทางการใชกระบวนการกอผลึก การเพิม่ความเปน

พลาสติก และการปรับปรุงความเขากันไดโดยการใชสารกอผลึก พลาสติไซเซอร และสารเสริมสภาพ

ความเขากันไดสามารถปรับปรุงสมบัติการยืดตัวและความเหนียวของฟลมพอลิเมอรผสมของพอลิแลก

ไทดและพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลตไดอยางมีประสิทธิภาพ  สารกอผลึกชวยเรงกระบวนการ

กอผลึกใหกับพอลิเมอรผสมไดผานกระบวนการกอผลึกแบบเนื้อผสม (heterogeneous nucleation) 

เห็นไดชัดจากการมีปริมาณผลึกท่ีเพ่ิมข้ึน อุณหภูมิการเกิดผลึกเพ่ิมข้ึน และมีอุณหภูมิการเกิดผลึกแบบ

เย็นท่ีลดลง  นอกจากนี้การเติมสารกอผลึกรวมกับการใชพอลิบิวทิลีนอะดิเพตโคเทเรฟแทเลตและสาร

เพ่ิมความเปนพลาสติก สงผลใหความทนแรงกระแทกและการยืดตัว ณ จุดขาดของพอลิเมอรผสมเพิม่
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สูงขึ้น แสดงใหเห็นถึงความเหนียวและการยืดตัวทีสู่งขึ้นของฟลมพอลิเมอรผสม  โดยเฉพาะอยางยิ่ง

การใช TiO2 และ TEC ท่ี 1 phr และ 15 phr ตามลําดับ  นอกจากนี้ การเติมสารเสริมสภาพความ

เขากันไดท้ัง TDI และ PLA-g-MA ชวยปรับปรุงสมบัติความทนแรงดึงและความทนตอแรงกระแทกได 

เนือ่งจากการเพิ่มข้ึนของอันตรกิริยาระหวางเฟสของพอลิแลกไทดและพอลิบิวทิลีนอะดิเพตโคเทเรฟ

แทเลตสอดคลองกับสมบัติเชิงกลและลักษณะทางสัณฐานวิทยา แตควรเติมในปริมาณทีเ่หมาะสม   

PLA-g-MA แสดงใหเห็นวามีประสิทธิภาพในการเปนสารเสริมสภาพความเขากันไดที ่ดีกวา TDI  

อยางไรก็ตาม การใชสารเติมแตงทั ้งสารกอผลึกและสารเสริมสภาพความเขากันไดมีผลทําให

เสถียรภาพทางความรอนของพอลิเมอรผสมลดลง (รายละเอียดดังแสดงในเอกสารแนบหมายเลข      

1 ถึง 3) 

 

จากโครงการวิจัยดังกลาวคณะผูวิจัยสามารถตีพิมพเผยแพรผลงานวิชาการในระดับนานาชาติ

ในฐานขอมูล Web of Science (ISI) จํานวน 2 ฉบับ ไดแก  

 

- Synergistic Effect of Nucleation and Compatibilization on the Polylactide 

and Poly(butylene adipate-co-terephthalate) Blend Films. Chinese Journal 

of Polymer Science. 2016, 34(9), 1129-1140 Published online: 28 July 2016, 

DOI: 10.1007/s10118-016-1834-0 (เอกสารแนบหมายเลข 1) 

- Mechanical Characteristics and Thermal Behaviors of Polylactide Blend 

Films: Influence of Nucleating Agent and Poly(butylenes adipate-co-

terephthalate). Plastics, Rubber and Composites: Macromolecular 

Engineering. 2016, 45(8), 333-345 Published online: 07 July 2016, DOI: 10.

1080/14658011.2016.1197556  (เอกสารแนบหมายเลข 2) 

 

6. ภาคผนวก 

6.1 สําเนาบทความท่ีไดรับการตีพิมพแลว 

 ตามเอกสารแนบหมายเลข 1 และ 2 

 

6.2 ผลการทดลองสวนท่ียังไมไดตีพิมพ 

 
การศึกษาผลของการเตรียมสารเสริมสภาพความเขากันได PLA-graft-MA (PLA-g-MA) 

การทดลองในสวนนี้เปนการเตรียมสารเสริมสภาพความเขากันได PLA-g-MA ซ่ึงเตรียมได

จากการทําปฏิกิริยาการกราฟตพอลิแลกไทดดวยสารมาเลอิกแอนไฮไดรทีค่วามเขมขนรอยละ 0 – 5 

รวมกับการใชสาร Luperox (L101) เปนสารริเริ่มปฏิกิริยา ที่ความเขมขนรอยละ 0.1 – 0.5 

ตามลําดับ เพื่อเลือกสูตรที่ดีทีสุ่ดในการนําไปใชสารเสริมสภาพความเขากันไดสําหรับในการทดลอง
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ตอไปในการปรับปรุงความเขากันไดของพอลิแลกไทดและสารเติมแตงอื่น ๆ  เนื่องจาก PLA-g-MA 

เปนสารเสริมสภาพความเขากันไดที่มีประสิทธิภาพสูง มีความวองไวในการเกิดปฏิกิริยา และเปนมิตร

ตอสิ ่งแวดลอม  โดยจะนําไปใชเปรียบเทียบกับสารเสริมสภาพความเขากันไดทางการคา คือ 

tolulene diphenyldiisocyanate (TDI)   โครงสรางทางเคมีของ PLA และ PLA-g-MA แสดงในรูป

ท่ี 1 ในการทดลองนี้ผูวิจัยสังเคราะห PLA-g-MA ผานปฏิกิริยา reactive maleation โดยทําใน

เครื่องผสมแบบปด  ผลของมาเลอิกแอนไฮไดรที่ความเขมขนรอยละ 0 – 5 รวมกับการใชสาร 

Luperox (L101) ทีค่วามเขมขนรอยละ 0.1 – 0.5 ถูกติดตามโดยเทคนิค GPC  1H-NMR และ FTIR 

ตามลําดับ 

 

 

รูปท่ี 1 โครงสรางทางเคมีของ (A) neat PLA และ (B) PLA-g-MA 

 

  Characterization of neat PLA and PLA-g-MA 

  Molecular Weight Determination 

การเปลี่ยนแปลงน้ําหนักโมเลกุลและการกระจายตัวของน้าํหนักโมเลกุลของ PLA-g-MA ถูก

วิเคราะหโดยเทคนิค gel permeation chromatography (GPC) ซ่ึงใช tetrahydrofuran (THF) 

เปนตัวทําละลายและเปนเฟสตอเนือ่งในการทดลอง GPC chromatogram ของ neat PLA และ 

PLA-g-MA ทีมี่การแปรปริมาณ MA และ Luperox ทีอั่ตราสวนตาง ๆ แสดงในรูปที ่2 และตารางที่ 

1 ตามลําดับ  โดยทั่วไปแลวคาของ retention time (t) ในเทคนิคนีจ้ะขึน้อยูกับความแตกตางของ

ขนาดโมเลกุลของสารตัวอยาง  โมเลกุลทีเ่ล็กกวาจะสามารถผานคอลัมนที่อัดไวออกมาไดชากวา

โมเลกุลท่ีใหญกวา เนื่องจากสายโซพอลิเมอรของโมเลกุลขนาดเล็กกวาสามารถเคลื่อนท่ีเขาไปภายใน

ชองวางของอนุภาคภายในคอลัมนไดและถูกดักไวภายในจึงเคลื่อนที่ออกมาภายหลัง  ในทางตรงกัน

ขามสายโซของโมเลกุลที่มีขนาดใหญกวาไมสามารถเคลื่อนเขาไปภายในชองวางดังกลาวไดจึงไหล

ออกมาอยางรวดเร็วกวาเมื่อเปรียบเทียบกับโมเลกุลทีมี่ขนดเล็กกวาสงผลใหคา retention time (t) 

ของสารท่ีเล็กกวามีคาท่ีมากกวาสารชนาดใหญ 
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รูปท่ี 2 GPC chromatograms ของ neat PLA และ PLA-g-MA ท่ีปริมาณท่ีแตกตางกันของความเขมขนของ 

(A) MA และ (B) Luperox initiator 

   

ผลการทดลองพบวา number average molecular weight (Mn), weight 

average molecular weight (Mw) and PDI ของ neat PLA มีคาประมาณ 114,000 Da, 

157,600 Da, และ1.38 ตามลําดับ  (ตารางท่ี 1)    จากรูปท่ี 2A พีคท่ีไดเปนพีคเดี่ยวของแตละ

ตัวอยางซ่ึงปรากฏท่ีเวลาแตกตางกันไปตามขนาดของโมเลกุลท่ีตางกัน  ในสวนของ GPC 
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chromatograms ของ PLA-g-MA ท่ีมีการเติม 0.3% L101 แสดงใหเห็นวา retention time (t) 

ของสารตัวอยางมีคาเพ่ิมข้ึนเล็กนอยจาก 7.9 เปน 8.3 นาที เม่ือปริมาณ MA เพ่ิมข้ึนเปนรอยละ 5 

เปรียบเทียบกับ neat PLA นอกจากนี ้คา Mn และ Mw ลดลงอยางชัดเจนประมาณรอยละ 28 และ 

31 ตามลําดับ เม่ือปริมาณ MA เพ่ิมข้ึนถึง รอยละ 5 เปรียบเทียบกับ neat PLA   ผลการทดลองนี้

บอกเปนนัยไดวาสายโซโมเลกุลของ PLA อาจถูกทําใหสั้นลงโดยปฏิกิริยา PLA chain scission เม่ือ

ปริมาณ MA เพ่ิมข้ึนระหวางกระบวนการกราฟท  พฤติกรรมเหลานี้มีความคลายคลึงกับผลการ

ทดลองในรปูท่ี 2B.  พีคของ PLA-g-MA ท่ีมีการเติม 3% MA มีคา retention time ท่ีมากข้ึนเม่ือ

ปริมาณ Luperox มากข้ึนจากรอยละ 0.1 ถึง 0.5 เปรียบเทียบกับ neat PLA  นอกจากนี ้คา Mn 

และ Mw ลดลงอยางชัดเจนประมาณรอยละ 35 และ 34 ตามลําดับ เม่ือปริมาณ Luperox มากข้ึน

ถึงรอยละ 0.5 เปรียบเทียบกับ neat PLA   

 

ตารางที่ 1 ขอมูลจาก GPC chromatograms ของ neat PLA และ PLA-g-MA ท่ีปริมาณท่ีแตกตาง

กันของความเขมขนของ MA และ Luperox initiator 

Sample ID 
Mn x 104  
(Daltons) 

Mw x 104  
(Daltons) 

PDI 
Retention Time 

 (min) 

Neat PLA 11.40 15.76 1.38 7.9 

PMAL1_0.3 11.58 16.89 1.46 8.0 
PMAL3_0.3   8.85 11.58 1.31 8.2 
PMAL5_0.3   8.17 10.95 1.34 8.3 

PMAL3_0.1   8.95 12.19 1.36 8.2 
PMAL3_0.3   8.85 11.58 1.31 8.2 
PMAL3_0.5   7.47 10.36 1.39 8.4 

 

ผลการทดลองเหลานี้แสดงใหเห็นวาการลดลงของน้ําหนักโมเลกุลของ PLA ข้ึนอยูกับการ

เติม MA และ Luperox ท้ังนี้อาจเปนผลมาจากกลไกการตัดสายโซของ PLA (β-scission, back-

biting, and thermohydrolysis) ซ่ึงสงผลใหสายโซโมเลกุลของ PLA สั้นลงและน้ําหนักโมเลกุลเฉลี่ย

ลดลงระหวางกระบวนการ PLA maleation  กลไกท่ีเปนไปไดของกระบวนการตัดสายโซของ PLA 

(PLA chain scission) ซ่ึงถูกเสนอโดยงานวิจัยของ Carlson และคณะแสดงในรปูท่ี 3  น้ําหนัก

โมเลกุลของสายโซ PLA อาจถูกทําใหลดลงไดดวย 3 กลไกดังตอไปนี้  (A) β-scission, (B) 

thermohydrolysis, and (C) back-biting เริ่มจากการเกิดเปน free radical ในสายโซหลักและไป
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เกิดปฏิกิริยากับโมเลกุลของ MA เพ่ือไดเปน PLA-g-MA สุดทายเกิดผานกระบวนการ β-scission ทํา

ใหเกิดการรวมกันหรือกําจัดออกของ radicals (รูปท่ี 3A). อยางไรก็ตามอาจจะเกิดจากกระบวนการ 

thermohydrolysis หรือ back-biting ก็เปนได (รูปท่ี 3B และ 3C) 

 

 

รูปท่ี 3 Proposed chain scission mechanisms of PLA are composed of (A) β-scission, (B) 

thermohydrolysis, and (C) back-biting 

 

    Spectroscopy 

เพือ่เปนการพิสูจนวาการเติม MA และ Luperox ลงในสายโซหลักของ PLA ดวย

กระบวนการเกิดปฏิกิริยาแบบ maleation ทีทํ่าในเครื่องบดผสมแบบปดกอใหเกิดเปนสาร PLA-g-

MA โครงสรางทางเคมีของสารตัวอยางภายหลังการทดลองจําเปนตองไดรับการวิเคราะหและยืนยัน

ผลการทดลองดวยเทคนิค 1H-NMR และ FTIR Spectroscopy 
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1H-NMR Spectroscopy 

   รูปท่ี 4 และ 5 แสดงสเปคตรัมของสารตัวอยางของ neat PLA และ PLA-g-MA ท่ีมี

การแปรปริมาณของ MA และ Luperox (1 - 5 % และ 0.1 - 0.5 %)   ในการทดลองนี้ 

Tetramethylsilane (TMS) ซ่ึงปรากฏท่ี chemical shift (δ) ท่ี 0.00 ppm ถูกใชเปนสารเคมี

อางอิง  นอกจากนี้ deuterium-chloroform (CDCl3) ซึง่ถูกใชเปนตัวทําละลายของ neat PLA 

และ PLA-g-MA ปรากฏ chemical shift (δ) ท่ี 7.27 ppm  ผลการทดลองพบวา สเปคตรัมของ 

neat PLA แสดงใหเห็น 2 สัญญาณหลักที่ chemical shift (δ) ท่ี 1.58 และ 5.17 ppm (รูปที ่4A 

และ ตารางท่ี 2) ซ่ึงเปนลักษณะเฉพาะของ methyl proton (-CH3, (a)) และ methine proton (-

CH-, (c))ซ่ึงตอกับ oxygen และ carbonyl group ตามลําดับ 

   เปรียบเทียบกับสเปคตรัมของ neat PLA ในกรณีของสเปคตรัมของ PLA-g-MA จะ

พบสัญญาณเพิม่เติมอีก 3 ชุดที่ chemical shift (δ) ท่ี 1.9  2.8 และ 4.3 ppm ซึง่ใหสัญลักษณ

เปน 'c'  'd'  และ 'e' ตามลําดับ  ผลทีป่รากฏนีค้ลายคลึงกับทีร่ายงานในงานวิจัยของ Pan และ

คณะ ซึง่ศึกษาเกี่ยวกับหมู carboxyl และ amino groups ของ PLA ผานปฏิกิริยาการกราฟท   

พีคทีต่ําแหนง c สอดคลองกับหมู methyl proton ทีต่ออยูกับ quaternary carbon atom (δ = 

1.9) ขณะท่ีพีคท่ีตําแหนง d และ e นั้นเปนของ methylene และ methine protons ของ

โมเลกุลของ anhydride ซึง่เกิดพันธะโควาเลนตตอกับสายโซหลักของ PLA ระหวางกระบวนการ 

maleation 

   จากรูปที ่4B พบวาสเปคตรัมของ PLA-g-MA ที่มีการเติม 1% MA และ 0.3% 

Luperox ไมปรากฏสัญญาณของพีคที่ตําแหนง c  d และ e ในทางตรงกันขามเมื่อเติม MA 

มากกวา 1% จะพบสัญญาณเฉพาะของ PLA-g-MA ที่ตําแหนง e และ d  (δ = 4.3 to 4.4, and 

δ = 2.5 to 2.7 ppm)  อยางไรก็ตามพีคทีต่ําแหนง c ไมปรากฏในสเปคตรัมของ PLA-g-MA ท่ีมี

การเติม 1-3% MA และ 0.3% Luperox ในทุกกรณี  ผลการทดลองแสดงใหเห็นวาระดับของ MA 

สงผลอยางชัดเจนตอกระบวนการเกิดปฏิกิริยาแบบ maleation โดยการใชเครือ่งบดผสมแบบปด  

สารตัวอยางที่ 3 และ 5% MA ทีมี่การเติม 0.3% Luperox อาจเปนตัวอยางทีเ่ปนไปไดทีป่ระสบ

ผลสําเร็จในการสังเคราะหสารเสริมสภาพความเขากันไดเปน PLA-g-MA ในทางตรงกันขามการเติม 

MA ท่ีความเขมขนนอยกวา 1% ไมสงผลใหเกิดเปน PLA-g-MA  
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รูปท่ี 4 1H-NMR spectra ของ neat PLA และ PLA-g-MA ดวยการเติมปริมาณของ MA ท่ีแตกตางกัน (1 ถึง 

5%) และ 0.3% Luperox 
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รูปท่ี 5 1H-NMR spectra ของ neat PLA และ PLA-g-MA ดวยการเติม 3% MA และปริมาณท่ีแตกตางกัน

ของ Luperox (0.1 - 0.5%) 
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รูปที ่5 แสดงสเปคตรัมของ neat PLA และ PLA-g-MA ทีมี่การเติม 3% MA และ 

0.1-0.5% Luperox  ผลการทดลองพบวาพีค d และ e (δ = 2.5 to 2.7, and δ = 4.3 to 4.4 

ppm) ปรากฏในสเปคตรัมของ PLA-g-MA ในทุกตัวอยาง  ที่นาสนใจมากพบวาพีคที่ตําแหนง c 

ปรากฎอยางชัดเจนท่ี δ = 1.9 ppm ของสารตัวอยาง PLA-g-MA ทีมี่การเติม 3% MA และ 0.1% 

Luperox เทานัน้ (รูปที ่13B)  ผลการทดลองนีอ้าจบอกเปนนัยไดวาระดับความเขมขนทีเ่หมาะสม

ของ MA และ Luperox ทีส่งผลอยางมีนัยสําคัญตอการสังเคราะห PLA-g-MA ทีไ่ดจากงานวิจัยนี้

อาจจะเปนสารตัวอยาง PMAL5_0.3, PMAL3_0.1, PMAL3_0.3, และ PMAL3_0.5 ตามลําดับ  

แตอยางไรก็ตาม ขอมูลที่ไดเหลานี้จะถูกนําไปใชพิจารณารวมกับผลการทดลองในสวนของ FTIR 

ตอไป 

 

ตารางที ่ 2 Chemical shifts and positions of neat PLA and PLA-g-MA on the 1H-NMR 

spectra 

Sample Position Chemical shift (ppm) 

Tetramethylsilane (TMS)  0.00 

d-chloroform (CDCl3)  7.27 

Neat PLA   

 a 1.58 
 b 5.17 

PLA-g-MA (PMAL3_0.1)   

 a 1.57 
 b 5.16 
 c 1.94 
 d 2.71 
 e 4.35 
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FTIR Spectroscopy 

สเปคตรัมของ neat PLA และ PLA-g-MA แสดงในรูปที ่6  ผลจากการทดลองกอน

หนาพบวา PMAL5_0.3, PMAL3_0.1, PMAL3_0.3, และ PMAL5_0.3 มีความเปนไปไดที่จะเปน

ตัวอยางทีป่ระสบความสําเร็จในการสังเคราะหเปน PLA-g-MA อยางไรก็ตาม พบวา PMAL5_0.3, 

PMAL3_0.3, และ PMAL3_0.5 ใหสัญญาณสเปคตรัม FTIR ที่คลายคลึงกัน แตแตกตางจาก

สัญญาณสเปคตรัมของ PMAL3_0.1 ดังนั้นในรูปที่ 14 จะใชพีคของสาร PMAL3_0.3 เปนตัวแทน

ของกลุม PMAL5_0.3, PMAL3_0.3, และ PMAL3_0.5 เปรียบเทียบกับสเปคตรัมของ neat PLA 

และ PMAL3_0.1  ผลการทดลองพบวา neat PLA ปรากฏสัญญาณของหมูฟงกชั่นตาง ๆ ที่ชวง

ของเลขคลื่น คือ 3000 - 2800, 1760 - 1700, 1500 - 1360, และ 1300 - 1000 cm-1, ซึง่เปน

ลกัษณะของ -CH3 stretching, C=O stretching, CH3 bending, และ C-O stretching ตามลําดับ 

(ตารางท่ี 3) 

 

รูปท่ี 6 FT-IR spectra ของ neat PLA และ PLA-g-MA ในชวงเลขคลื่นท่ี 4000 ถึง 500 cm-1 

 

ในกรณีของ FTIR สเปคตรัมของ PMAL3_0.3 ผลการทดลองไมเปนไปตามทีค่าดไว 

โดยพบวาสเปคตรัมที่เกิดขึ ้นแทบจะไมมีความแตกตางจากสเปคตรัมที่ไดจาก neat PLA  

นอกจากนี้ในสวนของพีคทีเ่ปนลักษณะเฉพาะของหมู C=O stretching ใน acid anhydride ซ่ึงจะ

ปรากฎเปนพีคคูท่ีเลขคลื่นชวง 1830 - 1800 และ 1775 - 1740 cm-1  ก็ไมสามารถถูกตรวจพบได

ใน FTIR สเปคตรัมของ PMAL3_0.3 (รวมทั้งของ PMAL5_0.3  และ PMAL3_0.5)  ท้ังนี้อาจ
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เปนไปไดวาตัวอยางดังกลาวอาจใหผลการกราฟทในปริมาณท่ีต่าํเกินกวาทีจ่ะตรวจสอบไดดวยFTIR  

แตอยางไรก็ตาม พีคลักษณะเฉพาะเหลานีข้องหมู C=O stretching ใน acid anhydride ซ่ึงจะ

ปรากฎเปนพีคคูที่เลขคลืน่ชวง 1830 - 1800 และ 1775 - 1740 cm-1 สามารถถูกตรวจพบและ

สังเกตเห็นไดใน FTIR สเปคตรัมของ PMAL3_0.1 ซึง่แสดงใหเห็นถึงการมีอยูของหมู anhydride 

stretching โดยพบพีคแตกเปน 2 หัวที่ตําแหนงประมาณ 1805 and 1766 cm-1 (ตารางที่ 3) 

ตามลําดับ   

ตารางที่ 3 ขอมูลจาก FT-IR absorptions ของ neat PLA และ PLA-g-MA 

Molecular Motion Wavenumber (cm-1) 

Neat PLA  

CH3 stretching  3016 - 2958 
C=O stretching 1751 
CH3 bending 1454 - 1377 
C-O stretching 1184 - 1049 

PLA-g-MA (PMAL3_0.1)  

CH3 stretching  3005 - 2954 
C=O stretching (bands of anhydrides) 1805 and 1766 
CH3 bending 1454 - 1369 
C-O stretching 1180 - 1045 

   

Water absorption 

ผลของรอยละของการดูดซึมน้าํของฟลมตนแบบ (prototype) ที่เวลา

ตั้งแต 0 ถึง 90 วัน เมือ่เปรียบเทียบกับ neat PBAT และ neat PLA แสดงในรูปที ่7 ผลการ

ทดลองแสดงใหเห็นวาฟลม neat PLA มีรอยละของการดูดซึมน้ําท่ีต่ํามาก โดยมีการเปลี่ยนแปลง

อยางรวดเร็วแคเพียงในชวงตนของการทดสอบ (1 ชั่วโมง และ 1 วัน) หลังจากนัน้ใหรอยละการดูด

ซึมน้าํคงที่ที่รอยละ 2.06 แสดงใหเห็นวาเปนฟลมที่ไมชอบน้ํา  แตกตางจากฟลม neat PBAT ท่ีมี

รอยละของการดูดซึมน้ําท่ีสูงกวาอยางชัดเจน โดยมีการเปลี่ยนแปลงอยางรวดเร็วในชวงตนของการ

ทดสอบเชนเดียวกับ neat PLA อยางไรก็ตามใหคาคงทีเ่มื่อผานไป 14 วัน โดยมีรอยละการดูดซึม

น้ําคงท่ีท่ีประมาณรอยละ 9.91 ในขณะที่ฟลมตนแบบที่เปนฟลมพอลิเมอรผสมของ PLA และ 

PBAT นั้นใหคารอยละของการดูดซึมน้าํอยูระหวางฟลม neat PBAT และ neat PLA โดยมี

พฤติกรรมแบบเดียวกันโดยมีการเปลี่ยนแปลงอยางรวดเร็วในชวงตนของการทดสอบและคงทีเ่มื่อ

เวลาผานไปมีรอยละการดูดซึมน้ําคงท่ีท่ีประมาณรอยละ 4.46 ซ่ึงมีคาต่ํา 
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รูปท่ี 7 การดูดซึมน้ําของฟลมตนแบบ (prototype) ที่เวลาตัง้แต 0 ถึง 90 วัน เม่ือ

เปรยีบเทียบกบั neat PBAT และ neat PLA 

 

ลักษณะทางกายภาพและความใสของฟลม 

รูปท่ี 8 แสดงลกัษณะทางกายภาพและความใสของฟลม (a) neat PBAT  

(b) neat PLA และ  (c) ตนแบบ (prototype) ตามลําดับ  ผลการทดลองแสดงใหเห็นวาฟลม 

neat PBAT มีลักษณะผิวเรียบ สีขาวขุนคลายนม มีลักษณะฟลมแบบโปรงแสงคือมีแสงผานได

บางสวน  แตกตางจากฟลม neat PLA ท่ีมีลักษณะผิวเรียบและใส โดยเปนฟลมแบบโปรงใสคือแสง

ผานไดดีมาก เม่ือทดสอบดวยเครื่อง UV-vis spectrophotometer พบวาท่ีความยาวคลื่นแสง 600 

นาโนเมตร ฟลม neat PBAT และ neat PLA มีรอยละการสองผานของแสงไดในชวงรอยละ 45-48 

และ รอยละ 88-90 ตามลําดับ  แสดงใหเห็นอยางชัดเจนวาฟลม neat PLA ท่ีไดสองผานแสงไดดี  

ในขณะท่ีฟลม neat PBAT แสงผานไดบางสวน  สําหรับการทดสอบกับฟลมตนแบบ (prototype) 

พบวาลักษณะทางกายภาพท่ีไดคลายคลึงกับฟลม neat PBAT นั่นคือ มีลักษณะผิวเรียบ สีขาวขุน

คลายนม มีลักษณะฟลมแบบโปรงแสงคือมีแสงผานไดบางสวนท่ีความยาวคลื่นแสง 600 นาโนเมตร 

ฟลมตนแบบมีรอยละการสองผานของแสงไดอยูระหวางฟลม neat PBAT และ neat PLA ในชวง

รอยละ 55-60 ซ่ึงแสดงใหเห็นวาแสงผานไดเพียงบางสวน 
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รูปท่ี 8 ลกัษณะทางกายภาพและความใสของฟลม (a) neat PBAT (b) neat PLA และ  (c) ตนแบบ 

(prototype) 

 

6.3 ขอคิดเห็นและขอเสนอแนะสําหรับการวิจัยตอไป 

 สําหรับฟลมพอลิเมอรผสมทีมี่การเติมพลาสติไซเซอรพอลิเอธิลีนไกลคอล 400 เมื่อเวลาผาน

ไปพืน้ผิวของฟลมมีความมันเกิดขึ้น เนือ่งจากเกิดการเยิม้ (blooming effect) ซึง่ทําใหไมนาใช

งานและสมบัติเชิงกลดอยลงจึงควรมีการปรับปรุงและลดผลจากการเยิม้ที่เกิดขึ้นสําหรับงานวิจัย

ตอไป   นอกจากนี้ ควรปรับปรุงเพ่ือเพ่ิมเสถียรภาพทางความรอนของฟลมพอลิเมอรผสมใหดีข้ึน 

 

6.4 บทความวิจัยท่ีนําเสนอในท่ีประชุมวิชาการ 
ตามเอกสารแนบหมายเลข 3 
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Abstract  Polylactide (PLA) films blended with 10 wt% poly(butylene adipate-co-terephthalate) (PBAT) were prepared by 
using a twin screw extruder in the presence of the nucleating agent of titanium dioxide (TiO2) and the compatibilizers of 
toluene diisocyanate (TDI) and PLA-grafted-maleic anhydride (PLA-g-MA). The synergistic effect of the nucleation and 
compatibilization on the properties and crystallization behavior of the PLA/PBAT (PLB) films was explored. The results 
showed that the addition of TiO2 significantly enhanced the tensile strength and the impact tensile resistance of the PLB films 
while slightly decreased its thermal stability. In addition, the compatibilizers of TDI and PLA-g-MA in the system not only 
affected the crystallinity and cold crystallization process of the PLB films, but also increased the mechanical properties of 
them due to the improvement of the interfacial interaction between PLA and PBAT revealed by the morphological 
measurement. The synergistic effects of the nucleating agent and the compatibilizer afforded the blend films with increased 
tensile strength and impact tensile toughness, improved cold crystallization property and c.  
 
Keywords: Nucleation; Film; Compatibilization; Blend; Crystallization. 
 

INTRODUCTION 

Polylactide (PLA) has become one of the most promising biodegradable polymers due to its outstanding 
properties, such as easy processibility; non-toxicity and biodegradability in a few weeks; high strength and 
modulus; and transparency[13]. Such polymer material has the useful applications in the fields of pharmaceutics, 
biomedical science, automotive and packaging industries[4, 5]. However, the major drawbacks of PLA including 
brittleness, slow crystallization rate and low crystallinity restrict its widespread usage, especially in the film 
packaging[6]. One of the alternative methods to improve the ductility and flexibility of PLA is to blend a more 
flexible component with it. As well known, poly(butylene adipate-co-terephthalate) (PBAT) is a biodegradable 
aliphatic-aromatic copolyester composed of two types of comonomers. One is the butylenes terephthalate 
fragment from 1,4-butanediol and terepthalic acid, another one is butylene adipate moiety consisting of           
1,4-butanediol and adipic acid units[7]. The high ductility and flexibility of PBAT make it a suitable candidate for 
blending with PLA to improve the stiffness and toughness of the resulting polymer materials without changing 
the biodegradability[8]. 
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To increase the crystallization rate and degree of crystallinity (c) of PLA via a heterogeneous nucleation 
process, it is necessary to add a nucleating agent to the system. Generally, there are mainly three types of 
nucleating agents according to their chemical composition and reaction mechanism: the chemical nucleant, the 
mineral nucleant and the organic nucleant. Among them, titanium dioxide (TiO2) shows the excellent abilities for 
improving the nucleation, the crystallization, and modifying the properties of several polymers[9, 10]. For 
example, some papers have reported that TiO2 could act as a UV stabilizer for PLA thin films owing to its UV 
shielding effect and the barrier properties[11, 12]. However, blending TiO2 with PLA is uncommon possibly 
because of the transparency reduction of the resulting materials. It has been revealed that some nucleating agents 
such as modified montmorillonite (MMT), clay, talc and the flexible polymers of poly(-caprolactone) (PCL) 
and poly(butylene adipate-co-terephthalate) (PBAT) have often been used as the nucleating agents blended with 
PLA[1317]. The typical examples are reported by Wang and Xiao et al. who used PBAT to enhance the 
crystallization rate, nucleation density, impact strength, and flexibility of the blended polymers[15, 16]. However, 
the lack of compatibility with PLA made the polymers to have the poor mechanical properties, especially the 
strength and elongation of the final products. In order to enhance the mechanical performances of PLA 
polymers, a compatibilizer is required for enhancing the interfacial adhesion of the blends. Several effective 
compatibilizers i.e., maleic anhydride (MA)[18, 19], dioctyl maleate (DOM)[20], isocyanate compounds[21, 22], 
multifunctional epoxy[23], and PLA-graft-maleic anhydride (PLA-g-MA)[24, 25] etc. have been used to improve the 
compatibility of PLA and its blends. In addition, the compatibilizer should also act as a chain extender to react 
with functional groups from both the matrix and the filler, and enable the formation of polymeric chains and 
increase the molecular weight of the polymer[26, 27]. 

In the previous work, we explored the appropriate blending ratio of PLA and PBAT (PLB) to achieve the 
polymers with better properties[22]. In this article, we report the preparation of the films from PLA blended with 
10 wt% PBAT. We expect to improve the crystallization and compatibilization of the blend films by the 
synergistic effects of a nucleating agent for expanding the crystallization temperature window and a 
compatibilizer for optimizing the interfacial interaction between PLA and PBAT so as to increase the mechanical 
performances. Moreover, the influences of the TiO2 amount and the compatibilizer on the tensile, impact tensile, 
thermal, and morphological properties of the PLB films have also been discussed. 

EXPERIMENTAL 

Materials 
The PLA resin (PLA 4043D) was from NatureWork LLC (Cargill-Dow, Mineapolis, MN) and used as a polymer 
matrix. The PLA pellets were transparent with a density of 1.24 g/cm3. The glass transition temperature (Tg), 
melting temperature (Tm), and decomposition temperature (Td) of the neat PLA were characterized by differential 
scanning calorimetry (DSC) and a thermogravimetric analyzer (TGA) with values of about 60, 154, and 337 C, 
respectively. The polydispersity (PDI) and weight average molecular weight of the neat PLA was determined by 
the gel permeation chromatography (GPC) by using tetrahydrofuran (THF) as the eluent with the results of 1.46 
and 130 kDa, respectively. PBAT (Ecoflex F BX7011) with a density of 1.26 g/cm3 was from the BASF 
Corporation (Ludwigshafen, Germany). The Tg, Tm and Td of the PBAT as determined by DSC and TGA were 
about 30, 110, and 410 C, whereas their PDI and weight average molecular weight were 1.32 and 170 kDa 
(GPC analysis in THF), respectively. Titanium dioxide (TiO2) with a volume mean diameter of 0.727 μm 
analyzed by laser particle size analyzer (LPSA) was from Chemipan Co., Ltd., Bangkok, Thailand. 
Toluenediphenyl diisocyanate (TDI) and maleic anhydride (MA) were purchased from Siam Chemical Industry 
Co., Ltd., Bangkok, Thailand.  

Material Preparation 
The PLA, PBAT and TiO2 were dried in a vented oven at 60 C overnight and stored in a desiccator before use. 
TiO2 was used as the nucleating agent with varying amounts from 1 phr to 4 phr for accelerating the 
crystallization rate of PLA, whereas the TDI and PLA grafted maleic anhydride (PLA-g-MA) were used as a 
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compatibilizer with different amount from 1 wt% to 7 wt% based on the PBAT content for improving the 
interfacial interactions between PLA and PBAT. The PLA-g-MA was synthesized in an internal mixer (D-
47055, PLASTI-CORDER Lab station, Brabender, Duisburg, Germany) by the free radical reaction with         
2,5-dimethyl-2,5-di-(tert-butylperoxy) hexane (Luperox101) as an initiator. The blend composition ratio of PLA 
to PBAT was fixed at 90 and 10 for all experiments. PLA, PBAT and TiO2 were pre-mixed before extrusion 
process. The mixture was melted in a co-rotating twin screw extruder (PRISM TSE 16TC, Thermo Electron 
Corporation, Karlsruhe, Germany) having an L/D ratio of 15 and a screw diameter of 15.6 mm. The temperature 
profiles of the extrusion were controlled on three zones ranging from 110 °C to 180 °C with a screw speed of    
30 r/min. After the extrusion, the pellets were dried in a vented oven at 60 °C overnight and then compression-
molded into the films by a hydraulic press (KT-7014, Kao Tieh Machinery Industrial, Taichung, Taiwan) under 
optimum conditions: the holding temperature of 180 °C; the pressure of 10.34 MPa; a cycle time of 25 min. The 
PLA/PBAT (PLB) blend with compatibilizer was also prepared in the same way in order to obtain a 
compatibilized blend film. Sample formulations and its abbreviations are displayed in Table 1. 

 
Table 1. The formulations of PLA/PBAT (PLB) blend films with various contents of TiO2 and  

different types of compatibilizer  

Formulation PLA (wt%) PBAT (wt%) TiO2 (phr)
Compatibilizer 

contents based on PBAT (wt%) 
TDI PLA-g-MA 

PLB 90 10    
PLBO1 90 10 1   
PLBO2 90 10 2   
PLBO4 90 10 4   

PLBO1T1 90 10 1 1  
PLBO1T3 90 10 1 3  
PLBO1T5 90 10 1 5  
PLBO1T7 90 10 1 7  
PLBO1P1 90 10 1  1 
PLBO1P3 90 10 1  3 
PLBO1P5 90 10 1  5 
PLBO1P7 90 10 1  7 

Material Characterization 

Tensile properties 
The tensile test of rectangular film specimens with a size of 15 mm width, 150 mm length, and about 250 m 
thickness was performed on a universal testing machine (LR 100k, LLOYD, Fareham, UK) using a crosshead 
speed of 10 mm/min and a gauge length of 100 mm, according to the ASTM D882-09. A load cell of 1 kN was 
employed for the testing of all blend film samples. The specimens were stored overnight at room temperature 
before testing. At least five specimens of each film were tested and the results were averaged to obtain a mean 
value.  

Impact tensile testing 
A standard type IV impact tensile specimens of the blend films were evaluated by an impact tester (Zwick 5102 
Pendulum, Zwick/Roell Group, Ulm, Germany) using a deflection angle of 160°, an exchangeable pendulum of 
1 J, with an impact velocity of 2.93 m/s, and a pendulum length of 225 mm, according to DIN EN ISO 
8256:2004. All specimens were stored overnight at room temperature before testing. The average values were 
obtained by repeating the test experiment at least five times. The thickness of the films was determined by an 
analog thickness gauge. The impact energy (EIm) can be calculated by using the following Eq. (1): 
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where EIm: the impact tensile energy or impact tensile strength, EAb: the absorbed energy, w: the width of the 
specimen, and d: the thickness of the specimen. 

Thermal stability 
The decomposition temperature of the uncompatibilized and compatibilized PLB/TiO2 blends was characterized 
by a thermogravimatric analyzer (TGA; TG/DSC STA 449 F3 Jupiter, NETZSCH Instruments, Selb, Germany). 
The TGA technique was used to determine the thermal stability of the blend films before and after the addition 
of TiO2 and the compatibilizer. Test specimens (about 46 mg) were placed in a crucible (70 μL) in each TGA 
experiment. The operation was performed in a nitrogen atmosphere using a heating rate of 20 K/min from 50 °C 
to 600 °C. The percentage of weight loss for all samples was examined. 

Crystallization and thermal behaviors  
A differential scanning calorimeter (DSC; DSC 200 F3 Maia, NETZSCH Instruments, Selb, Germany) was used 
to investigate the crystallization behaviors and thermal transitions of the blend films. For each DSC analysis, the 
film sample (approximately 68 mg) was encapsulated in a hermetically sealed aluminum pan (30 μL). A first 
heating scan was operated from room temperature to 180 °C at a heating rate of 10 K/min and held at 180 °C for 
3 min to eliminate the thermal history of all of the samples. Then, it was cooled to 60 °C with a cooling rate of 
10 K/min. Finally, in a second heating scan it was reheated to 180 °C at a heating rate of 10 K/min to evaluate 
the non-isothermal crystallization behaviors of the films. All experiments were carried out under nitrogen 
atmosphere. The glass transition temperature (Tg), crystallization temperature (Tc), cold crystallization 
temperature (Tcc), melting temperature (Tm), specific crystallization enthalpy (Hc), specific cold crystallization 
enthalpy (Hcc), and specific melting enthalpy (Hm) of the samples were also recorded. The c of the PLB 
blend films was calculated by using the following Eq. (2):  

 m cc
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where Wf is the weight fraction of the filler and Hm0 is the melting enthalpy of the 100% crystalline PLA that is 
equal to 93.6 J/g[28].  

Electron microscope analysis 
The fractured surface morphology of the PLB blend films was characterized using a scanning electron 
microscope (SEM; Quanta 400, FEI Company, Hillsboro, OR). The tensile fractured surface of the sample was 
sputter-coated with a thin layer of gold in order to avoid any electrostatic charge and poor resolution during the 
testing procedure. The SEM was operated at an accelerating voltage of 20 kV to image the films at 2000X 
magnification. 

RESULTS AND DISCUSSION 

Characterization of Nucleated PLB Films 

Mechanical properties 
Tensile testing  The tensile properties of the PLB films with different amounts of TiO2 are presented in Fig. 1. 
Compared to the neat PLB with a tensile strength of 32.87 MPa and an elongation at break of 11.59%, the tensile 
strength of the PLB films was significantly affected by the addition of TiO2. No obvious strength reduction was 
observed with a small amount of TiO2 in the system; while the PLB film with 4 phr TiO2 showed the distinct 
strength decrease by almost 32%. The elongation at break of the film displayed a similar changing tendency. 
Lower amount of TiO2 improved the extension of the PLB films; when over 1 phr of TiO2 was added, the 
extension of PLB film increased by almost 40% (data as shown in Table 2), but a severe decrease of elongation 
at break was observed. This is attributed to the nucleating effect of TiO2, which accelerated the crystallization 
rate and increased the degree of crystallinity (c) of the PLB molecular chains. Moreover, the tensile of the film 
showed a significant decrease when further increasing the TiO2 amount. We speculate this is because of the non 
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uniform distribution of TiO2 in the film with the agglomeration and defects from the overloading of TiO2 
molecules. 

 

 
 

Fig. 1  The tensile properties of PLA/PBAT blend films with various TiO2 contents 
 

Table 2. The mechanical properties of PLA/PBAT (PLB) blend films without and with TiO2 
Sample ID Tensile strength (MPa) Elongation at break (%) Impact resistance (kJ/m2)

PLB 32.87  1.13 11.59  2.19 280  12 
PLBO1 32.06  1.76 16.16  2.00 439  18 
PLBO2 29.64  0.84 6.09  0.89 487  11 
PLBO4 22.06  2.74 6.63  1.11 422  15 

Impact tensile testing  To understand the effect of nucleation on the mechanical performance, impact-tension 
behavior of the PLB films was evaluated. Data from the impact tension testing can be reported in terms of the 
impact tensile toughness or impact tensile resistance. Table 2 shows the impact tensile resistance of the PLB 
films without and with TiO2 (1 to 4 phr). The neat PLB has an impact tensile strength of (280 ± 12) kJ/m2, 
indicating a quite low value of the absorbed energy. Interestingly, the impact tensile energy of the PLB films was 
greatly enhanced in the presence of TiO2, leading to an impressive increase of the impact tensile strength. For 
example, the impact tensile resistance of the PLB increased to 439, 487 and 422 kJ/m2 when the TiO2 amount 
was increased from 1, to 2, and to 4 phr, respectively. That meant the impact tensile toughness of the PLB films 
increased by about 50% to 70% due to the nucleating agent of TiO2 accelerated the rate of crystallization and 
increased the c. Here, the crucial point for improving the toughness of the PLB film is the crystallinity of PLB 
induced by the addition of the nucleating agent[29]. The greater number of tie-molecules that resulted from 
heterogeneous nucleation and the crystallization enhanced the capability of the nucleated PLB films to absorb 
energy[30]. The DSC measurement yet confirmed the enhanced crystallinity. However, no significant effect was 
observed for the nucleated PLB films’ impact tensile resistance when different concentration of TiO2 was used.  

Thermal properties 
Thermogravimetric analysis  Figure 2 displays the TGA thermograms of the PLB films with various 
concentrations of TiO2. The neat PLB revealed two stages of decomposition. The first stage at about 330 °C was 
attributed to the loss of the PLA matrix, whereas the second stage appeared at around 400 °C, corresponding to 
the thermal degradation of PBAT. The TGA results showed that the thermal stability of the PLB slightly 
decreased with an increase of the TiO2 amount from 0 to 4 phr. The weight percentage of char residual at 550 °C 
and the weight loss temperature at 10% and 50% of the films are reported in Table 3. With the addition of 4 phr 
TiO2, the temperature for the weight loss of 10% and 50% was reduced by about 5 and 8 K, respectively; in 
contrast, the percentage of the char residual at 550 °C increased. It might be implied that the nucleation effect of 
TiO2 enhanced the crystallization of the PLA and PBAT chains, which generated a larger number of tiny crystals 
that played an important role in reducing the thermal stability of the PLB films. 
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Fig. 2  The thermograms of PLA/PBAT blend films with different TiO2 amounts (a) TGA and (b) DTG 
 

Table 3. The thermal properties of PLA/PBAT (PLB) blend films without and with TiO2 

Sample 
ID 

Temperature at 
weight loss (C)

Char residual 
at 550 C 

(%) 

Thermal transition temperature (C)  Hc 
(J/g) 

Hcc 
(J/g) 

Hm 
(J/g) 

c 
(%) 10% 50% Tg Tc Tcc Tm1 Tm2 

PLB 351.3 377.8 1.4 54.7  111.9 148.4 155.3  24.9 26.9 31.9
PLBO1 351.1 376.6 2.7 56.9  103.6 144.5 154.1  27.8 28.1 33.7
PLBO2 349.4 374.4 4.8 56.5  104.5 145.3 155.2  28.1 29.6 35.9
PLBO4 346.5 369.4 5.8 59.8  106.8 147.8 156.6  30.4 32.4 39.8

Differential scanning calorimetry  The cooling and second heating cycles of the DSC thermograms for the neat 
PLB and the PLB films with TiO2 are shown in Figure 3(a) and 3(b), respectively. The neat PLB has a glass 
transition temperature (Tg) at 54.7 °C, an exothermic cold crystallization temperature (Tcc) at 111.9 °C, and a 
double melting temperature (Tm) at 148.4 and 155.3 °C, respectively. The double melting phenomenon was 
related to the  and  crystal formation[31, 32] observed at the  and crystallization formation temperature 
region. Furthermore, it was affected by the crystallization time, molecular weight, and cooling rate. The lower 
temperature of the melting (Tm1) was concerned in the crystallization of PLA during the heating process, and the 
higher temperature of melting (Tm2) corresponded to the crystallization of PLA upon cooling[33, 34]. The Tc of the 
neat PLB did not appear in the cooling cycle due to the high cooling rate (10 K/min). As a result, the 
recrystallization of the laminated PLA occurred, leading to the appearance of Tcc in the second heating cycle. 

 

       
 

Fig. 3  The DSC thermograms of PLA/PBAT blend films without and with TiO2 (a) cooling and 
(b) second heating cycles 

 

In addition, the cold crystallization behavior (Fig. 3b) of the PLB films containing different amount of TiO2 

was also observed when heating the samples in the DSC measurement. The neat PLB and the PLB films 
nucleated with TiO2 showed the typical thermal transitions in terms of Tg, Tcc and two overlapping Tm values. No 
Tc was found in the cooling cycle (Fig. 3a). Nevertheless, the film with TiO2 showed a lower Tcc values in the 
range from 103.6 °C to 106.8 °C in the DSC heating cycle as compared with the neat PLB sample with the Tcc of 
112 °C (Table 3). This may be due to the fast nucleation process and the short crystallization time of the PLB 
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induced by TiO2. The addition of TiO2 also promoted the c of PLB and might generated perfect crystals with an 
increment of the Tm2. Moreover, the heat of fusion (Hm) and the c significantly increased with the increase of 
TiO2 amount from 1 phr to 4 phr, indicating that TiO2 was an effective nucleating agent for initiating the 
heterogeneous nucleation of the PLB films. We observed that Tg of the PLB increased with the addition of TiO2 
because it facilitated the formation of crystalline domains that restrained the mobility of the polymer chains. This 
result was in agreement with the tensile properties of PLB showing a decreased value of elongation at break 
when the amount of TiO2 increased. In our case, 1 phr TiO2 is proved as the optimum amount for improving the 
properties of the films, including the elongation at break, the impact toughness, and the crystallization rate. 

Characterization of the Compatibilized PLB/TiO2 Films 

Mechanical properties 
Tensile testing  To evaluate the effect of nucleation and compatibilization on the mechanical properties of the 
PLB/TiO2 film, two types of compatibilizer (TDI and PLA-g-MA) were used to combine in the PLB/TiO2 film. 
Figure 4 shows the tensile properties of the compatibilized PLB/TiO2 films. The results showed us that when       
3 wt% TDI was added, the tensile strength of the PLB/TiO2 increased by almost 25% as compared to the sample 
without TDI; while increasing TDI to more than 5 wt%, the mechanical strength of the PLB/TiO2 films was 
reduced. Furthermore, the elongation at break of the compatibilized PLB/TiO2 films decreased progressively in 
the present of TDI. A similar tendency was observed when the PLA-g-MA content was increased in PLB/TiO2 
films. For example, compatibilized PLB/TiO2 films with 3 wt% PLA-g-MA achieved the highest tensile 
strength, whereas the tensile strength of the films obviously reduced if the amount of PLA-g-MA was more than 
3 wt%. This implied that the tensile properties of PLB/TiO2 films are compatibilizer concentration dependence. 
We speculate the tensile strength increase is attributed to the improvement of interfacial interactions by the 
compatibilizer which enhances the wetting and adhesion bond strength between PLA and PBAT. The 
diisocyanate groups of TDI interacted with both the hydroxyl and carboxyl groups of the PLA and PBAT to 
form strong urethane and amide linkages. In contrast, the ester linkages were formed from maleic anhydride 
groups of PLA-g-MA and the hydroxyl groups of PLA and PBAT, such leading to the enhancement of the 
interfacial adhesion in the PLB films, as evidenced by the morphological images. The proposed reaction 
mechanisms of TDI and PLA-g-MA with the PLB blend are illustrated in Fig. 5. The reaction between PLB and 
compatibilizer may occur via three competitive routes, a) chain extension of the PLA and PLA, b) 
compatibilization of the PLA and PBAT, and c) chain extension of the PBAT and PBAT. The chain extension 
reaction increases the molecular weight, whereas the compatibilization improves the interfacial adhesion. 
However, the overloading of the compatibilizer may cause the particle agglomeration to leave more defects in 
the polymeric films with reduced tensile strength and the elongation at break. We may conclude that the 
optimum concentration of the compatibilizer for the PLB/TiO2 films is lower than 5 wt%. 

 

       
 
Fig. 4  The tensile properties of PLB/ TiO2 blend films with TDI and PLA-g-MA (a) tensile strength 
and (b) elongation at break at various compatibilizer concentrations 
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Fig. 5  Proposed mechanism for the compatibilization reaction of PLB, TDI, and PLA-g-MA  

Impact tensile testing  Figure 6 displays the impact tensile strength of the PLB/TiO2 films with different 
concentrations of compatibilizer. The impact tensile resistance of the PLB/TiO2 films is obviously improved in 
the presence of TDI and PLA-g-MAs that are proved as the good compatibilizers for PLA and PBAT depending 
on their concentrations. For example, the impact tensile strength of PLB/TiO2 films compatibilized with 1 phr of 
TDI and PLA-g-MA reached 623 and 492 kJ/m2, corresponding to increase by about 41% and 12%, as compared 
to that of uncompatibilized film (439 kJ/m2). This implied that some initial cracks in the PLA matrix was 
retarded because of the enhancement of interfacial interaction between the PLA and PBAT aided by the 
compatibilizer. However, we noticed that the impact tensile resistance of the compatibilized PLB/TiO2 films 
reduced in a higher concentration of the compatibilizer.  

 

 
 

Fig. 6  The impact tensile strength of PLB/TiO2 blended films with different contents 
of TDI and PLA-g-MA 

Morphological study 
Scanning electron microscope  The SEM micrographs of the tensile fractured surface of the neat PLB and the 
PLB/TiO2 films are shown in Fig. 7. The SEM images depict the neat PLB (Fig. 7a) and the PLB/TiO2 (Fig. 7b) 
films with a large number of holes on the fractured surface due to the pulling out of PBAT particles. 
Furthermore, a lot of isolated PBAT were clearly observed, indicating the poor interfacial adhesion between 
PLA and PBAT. These results implied that the cracking might occur between the PLA matrix and the PBAT 
particles to generate many holes and isolated PBAT particles on the fractured surface of the neat PLB and the 
PLB/TiO2 films because PBAT was not well wetted by PLA[35].  

As shown in Figs. 7(c) and 7(d), most of PBAT were surrounded and embedded by the PLA matrix after 
compatibilization using TDI and PLA-g-MA. More uniform and less isolated PBAT particles were clearly seen 
on the tensile fractured surface of the compatibilized films, indicating the significant improvement of adhesive 
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bonding and the interfacial interaction of PLA and PBAT in the presence of compatibilizer. Such function of the 
compatibilizer for the improvement of wetting and bonding at the interface of the blends was also observed and 
clearly explained by Wu[36]. 

 

           
 

           
 

Fig. 7  The SEM images of the tensile fractured surface of (a) neat PLB, (b) nucleated PLB 
blended with 1 phr TiO2, (c) nucleated PLB/TiO2 blended with 3 wt% TDI, and (d) 
nucleated PLB/TiO2 blended with 3 wt% PLA-g-MA  

Thermal properties  
Thermogravimetric analysis  The influences of the types and contents of the compatibilizer on the thermal 
stability of the PLB/TiO2 films are displayed in Fig. 8. The TGA and DTG thermograms of the PLB/TiO2 films 
showed two steps of decomposition at about 330 and 400 °C, relating to the Td onset of the PLA and PBAT 
polymeric chains, respectively. Table 4 summarizes the temperature of weight loss 10% and 50% for the 
compatibilized PLB/TiO2 films. It can be seen that the weight loss temperature is affected by the TDI and PLA-
g-MA content. The temperature for the weight loss of 10% and 50% gradually decreased as a function of the 
compatibilizer concentration, and at high concentration of compatibilizer (7 wt% based on PBAT), especially for 
the compatibilizer of PLA-g-MA, the weight loss temperature was lower. The TGA data indicated that the 
thermal stability of the PLB/TiO2 films with compatibilizer was lower than that of uncompatibilized film. At the 

 

       
 

Fig. 8  The thermograms of nucleated PLB/TiO2 blend films with different compatibilizer 
amounts (a) TGA and (b) DTG 
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high concentration of TDI and PLA-g-MA, more defects of the crystal might present in the compatibilized 
PLB/TiO2 films. Those imperfect crystals play an important role for decreasing the thermal stability, which were 
obviously observed in the DTG thermograms (Fig. 8b). The Td of the compatibilized PLB/TiO2 films shifted to 
the lower value when 7 wt% of the compatibilizer was added.  

 
Table 4. The TGA and DSC data of PLA/PBAT (PLB) blend films compatibilized with different  

contents of TDI and PLA-g-MA 

Sample ID 
Temperature at 
weight loss (C)

Char remaining
at 550 C (%) 

Thermal transition temperature (C) Hc 

(J/g) 

Hcc 

(J/g) 

Hm 

(J/g)
c 

(%) 10% 50% Tg Tc Tcc Tm1 Tm2 
PLBO1 351.1 376.6 2.7 56.9  103.6 144.5 154.1  27.8 28.1 33.7

PLBO1T1 350.4 376.9 1.9 58.6  109.4 147.9 154.4  25.4 25.7 31.2
PLBO1T3 352.4 376.2 3.5 63.9  116.2 150.5 156.5  24.3 25.8 31.7
PLBO1T5 350.8 374.4 2.8 59.1  110.8 149.2 154.7  26.3 26.8 33.7
PLBO1T7 336.4 365.4 2.5 58.2  107.9 145.8 154.3  21.9 22.7 29.2
PLBO1P1 351.2 375.4 2.8 58.1  107.3 147.3 154.7  24.9 25.9 31.4
PLBO1P3 344.0 373.2 2.2 56.2  105.1 144.9 154.5  29.3 28.8 35.4
PLBO1P5 342.1 371.0 2.6 57.5  103.4 145.6 154.8  25.5 30.2 38.0
PLBO1P7 316.1 352.2 5.3 58.3  101.0 143.6 154.3  29.3 36.2 46.6

Differential scanning calorimetry  Figures 9(a) and 9(b) illustrate the DSC profiles on the cooling and the second 
heating cycles of the PLB/TiO2 films with and without compatibilizer. There was no significant change on the 
crystallization during the cooling process for both the uncompatibilized and compatibilized PLB/TiO2 films. As 
listed in Table 4, it is suggested that the TDI and PLA-g-MA have the similar effect on the Tg, Tcc and Tm of the 
PLB/TiO2 films. The addition of compatibilizer to the films increased the Tcc, indicating that the cold 
crystallization process on the heating cycle (Fig. 9b) was retarded. In addition, PLA-g-MA as a compatibilizer 
shifted the Tcc to the lower temperature and had a much less influence on the cold crystallization process than 
that of TDI. These experimental data implied that the crystallization of the PLB/TiO2 films was slowed with the 
addition of TDI and PLA-g-MA because both of them as the compatibilizer improved the interfacial adhesion of 
PLA and PBAT, and as the chain extender extended the polymeric chain length and increased the molecular 
weight of PLA and PBAT. As a consequence, the crystallization of polymeric chains was significantly reduced, 
Tc disappeared, and Tcc increased. Moreover, as another important factor, the concentration of compatibilizer also 
influenced the crystallization of the PLB/TiO2 films. As discussed above, the improvement of the properties of 
the compatibilized PLB/TiO2 films was associated with the reaction between the maleic anhydride groups of the 
PLA-g-MA, the diisocyanate groups of TDI and the carboxylic and hydroxyl groups of PLA and PBAT, which 
might result in the agglomeration when higher concentration of compatibilizer was introduced in the system. 

 

       
 

Fig. 9  The DSC thermograms of nucleated PLB/TiO2 blend films with various compatibilizer contents (a) 
cooling and (b) the second heating cycles 

 

The Tg and Tm of the compatibilized PLB/TiO2 films were not changed when compared to those of 
uncompatibilized ones. The Tg of the PLB/TiO2 films with TDI and PLA-g-MA slightly increased in the range of 
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58 °C to 63 °C and 56 °C to 58 °C, respectively. Whereas, the Tm of the compatibilized PLB/TiO2 films also 
displayed the double melting characteristic but there was no obvious difference in both the Tm1 and Tm2 values. 
Interestingly, different concentration of compatibilizer resulted in the change of the c of the compatibilized 
PLB/TiO2 films (Fig. 10). The results revealed that the c of the compatibilized PLB/TiO2 films increased as a 
function of PLA-g-MA concentration in contrast to TDI. For example, the relative c of the compatibilized 
PLB/TiO2 films with 7 wt% PLA-g-MA increased by almost 40% while it was slightly decreased when the films 
with 7 wt% TDI. From the Tcc and c results, we may suggest that the incorporation of PLA-g-MA into the 
PLB/TiO2 films slightly retards the cold crystallization process but progressively induces crystallinity. PLA-g-
MA is a more efficient compatibilizer than TDI for improving the c and the cold crystallization of the PLB/TiO2 
films. This could be explained that the PLA-g-MA functioned as both a compatibilizer and a nucleating agent via 
a heterogeneous nucleation and compatibilization process for the compatibilized PLB/TiO2 films. As for TDI, it 
only acted as a compatibilizer.  

 

 
 

Fig. 10  The relative degree of crystallinity of nucleated PLB/TiO2 blend films with various 
compatibilizer contents 

CONCLUSIONS 

TiO2 has been successfully used as a nucleating agent for producing PLB films via heterogeneous nucleation. 
The addition of TiO2 accelerated the cold crystallization process of the PLB films by decreasing the Tcc and 
enhancing the c compared to the neat PLB. Furthermore, the impact tensile resistance and elongation at break of 
the PLB films increased by the addition of TiO2 with the optimal amount of 1 phr. However, overloading the 
amount of TiO2 caused the decrease of the tensile strength, elongation at break, and thermal stability of the PLB 
films. 

In the cases of the PLB/TiO2 films, the results revealed that the tensile strength and impact tensile resistance 
sharply increased with the presence of both TDI and PLA-g-MA due to the improvement of the interfacial 
interaction between PLA and PBATs. An appropriate concentration of the compatibilizer for balancing the 
properties of the compatibilized PLB/TiO2 films is important. The mechanical performances and thermal 
stability of the films were significantly reduced by overloading TDI and PLA-g-MA. PLA-g-MA showed a 
greater efficiency than TDI for improving the overall properties of the compatibilized PLB/TiO2 films in terms 
of tensile properties, impact tensile toughness, morphology, cold crystallization and the c.  
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Mechanical characteristics and thermal
behaviours of polylactide blend films:
influence of nucleating agent and
poly(butylenes adipate-co-terephthalate)
W. Phetwarotai∗1,2, V. Tanrattanakul1,2 and N. Phusunti3

Polylactide (PLA) blend films with poly(butylenes adipate-co-terephthalate) (PBAT) and a nucleating
agent were prepared by the melt compounding technique. Thermal stability of the PLA decreased
with added nucleating agent; in contrast, the decomposition temperature increased with the presence
of PBAT. In addition, the differential scanning calorimetry thermograms demonstrated that the
heterogeneous nucleation and cold crystallisation processes of the PLA blend films were accelerated.

The influence of the type and level of the nucleating agent and the presence of PBAT on the tensile
properties, impact resistance, thermal stability and non-isothermal crystallisation behaviours of the
PLA blend films were investigated. Both the PLA/nucleating agents and the PLA/PBAT/nucleating
agent blends showed significant effects from the changes in the nucleation process on their tensile
properties, impact toughness and thermal behaviour. Furthermore, the impact energy that the PLA
blends absorbed during the entire impact tension test was obviously enhanced by the increased
content of the nucleating agent.
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Introduction
Polylactide (PLA) is one of the most promising bio-
based semi-crystalline polymers that has received con-
siderable attention in recent years. PLA has been used
for many applications i.e. biomedical, pharmaceutical,
agricultural and automotive fields.1–3 This is because
they have several advantages i.e. non-toxicity, ease of
processability, transparency, gas permeability, mechan-
ical strength and biodegradability.4–7 At present, PLA
has become an extremely useful alternative material to
replace some conventional petroleum-based plastics
such as polyolefins, polystyrene and poly(ethylene ter-
ephthalate). Unfortunately, there are some drawbacks
such as its slow crystallisation rate, low crystallinity
and complete brittleness that restricts its usage for
many applications, especially in the film packaging
industry.8–10 The slow crystallisation rate leads to a
long processing cycle time and a low production effi-
ciency for PLA products.11,12

To promote the crystallisation rate, crystallinity and
nucleation of PLA, a nucleating agent has been selectively
used. Theoretically, the nucleating agent can initiate a
great number of nuclei via a heterogeneous nucleation
process, resulting in the improvement of the crystallisa-
tion behaviours of its polymer. This is associated with
changes in terms of its surface free energy, crystal size
and spherulitic density during the melting processing
and moulding. Therefore, mixing the PLA polymer with
an appropriate nucleating agent may be a potential
method to modify the mechanical properties and crystal-
lisation behaviour of PLA. In this manuscript we have
selected to use poly(butylene adipate-co-terephthalate)
(PBAT) as a flexible filler to try to balance the high brit-
tleness of PLA and the low stiffness of PBAT. PBAT, an
aliphatic-aromatic copolyester derived from 1,4-butane-
dioal, adipic acid and terephthalic acid, is a biodegradable
plastic with a high flexibility and elongation but low
strength.13–15 PBAT has been widely used for food packa-
ging and in agricultural films.16,17 PLA and PBAT are
reported to be immiscible over their entire composition
range due to the differences in their polarity.18,19 How-
ever, the immiscible blending can lead to promotion of
the nucleation and crystallisation, as previously reported
in some other blend pairs such as PLA/polycarpolactone
(PCL),20 PLA/poly(vinylidene fluoride) (PVDF),21 iPP/
ethylene-propylene-diene terpolymers22 and polycarbo-
nate/poly(ethylene oxide).23

As a result, the motivation of this research was to
improve the PLA limitations for extending more appli-
cations for film packaging. We envision that mixing of
the nucleating agent and PBAT, would not only accelerate
the crystallisation process through heterogeneous nuclea-
tion, but would also enhance the toughness of PLA. In
this study, PBAT was used to modify the toughness and
the crystallisation rate of PLA by incorporating a nucleat-
ing agent. The influence of different types and levels of
nucleating agent on the characterisations of the PLA
blend films was investigated. In addition, the synergistic
effect of the nucleating agent and PBAT on the tensile
properties, its impact on its toughness, thermal stability
and the crystallisation behaviours of the PLA blends
was also studied.

Experimental
Materials
PLA resin (PLA 4043D) was from NatureWork LLC
(Cargill-Dow, Mineapolis, MN, USA) for use as a poly-
mer matrix. The PLA pellets were transparent with a den-
sity reported by the manufacturer of 1.24 g cm−3,
according to the ASTM D1505. The glass transition
temperature (Tg), melting temperature (Tm) and
decomposition temperature (Td) of neat PLAwas charac-
terised by differential scanning calorimetry (DSC) and a
thermogravimetric analyser (TGA) at about 60, 154 and
337°C, respectively. The polydispersity (PDI) and the
weight average molecular weight of neat PLA was 1.46
and 130 kDa as determined by gel permeation chromato-
graphy (GPC) in tetrahydrofuran (THF). PBAT (Ecoflex
F BX7011) with a density of 1.26 g cm−3 was from BASF
Corporation (Ludwigshafen, Germany). The Tg, Tm and
Td of PBAT were determined by DSC and TGA and
were about −30, 110 and 410°C, whereas its PDI and
weight average molecular weight were 1.32 and 170 kDa
(GPC analysis in THF), respectively. Nano precipitated
calcium carbonate (NC) was from BehnMeyer Chemical,
Co., Ltd, Bangkok, Thailand. Talc (TC) and titanium
dioxide (TO) were from Chemipan, Co., Ltd, Bangkok,
Thailand.

Material preparation
The PLA, PBAT and nucleating agent were dried in a
vented oven at 60°C overnight and stored in a desiccator
before usage. TC, NC and TO were used as the nucleating
agent using different levels from 1 to 4 phr for enhancing
the crystallisation rate of PLA. In the case of binary com-
pounding, the weight ratio of PLA to PBAT was fixed at
90 to 10 for all experiments. PLA, PBATand the nucleat-
ing agent were pre-mixed by a high speed mixer with a
speed of 60 rev min−1 for 10 min before the extrusion pro-
cess. The mixture was then melted in a co-rotating twin
screw extruder (PRISM TSE 16TC, Thermo Electron
Corporation, Karlsruhe, Germany) having a screw diam-
eter of 15.6 mm and L/D ratio of 15. A schematic rep-
resentation for the preparation of the blend is displayed
in Fig. 1. The temperature profiles of the extrusion pro-
cess were controlled on three zones ranging from 110 to
180°C with a screw speed of 30 rev min−1. After extru-
sion, the compounds were dried in a vented oven at 60°
C overnight and then compression-molded into the film
specimens using a hydraulic press (KT-7014, Kao Tieh
Machinery Industrial, Taichung, Taiwan) under optimum
conditions; a holding temperature of 180°C; pressure,
1500 psi; cycle time, 25 min. The neat PLA was also
taken in the same way in order to be used as a reference
material. Sample formulations and their abbreviations
are displayed in Table 1.

Characterisation and testing
Tensile properties

The tensile test for the rectangular film specimens with a
size of 15 mmwide, 150 mm long and about 250 μm thick-
ness was performed on a universal testing machine (LR
100k, LLOYD, Fareham, UK) using a crosshead speed
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of 10 mm min−1 and a gauge length of 100 mm, according
to the ASTMD882-09. A 1 kN load cell was employed for
testing the films of neat PLA and the PLA blend. All speci-
mens were stored overnight at room temperature before
testing. At least five specimens of each film were tested
and the results were averaged to obtain a mean value.

Impact tensile testing

Standard type IV, impact tensile specimens of neat PLA
and PLA blend films were evaluated by an impact tester
(Zwick 5102 Pendulum, Zwick/Roell Group, Ulm,
Germany) using a deflection angle of 160°, an exchange-
able pendulum of 1 J, an impact velocity of 2.93 m s−1,
and a pendulum length of 225 mm. All specimens were
stored overnight at room temperature before testing. At
least five specimens were tested according to DIN EN
ISO 8256:2004 and the results were averaged to obtain a
mean value. The thickness of the films was determined
by an analogue thickness gauge. The average thickness
was obtained from at least five samples for each film.
For calculating the impact energy (EIm) the following
equation (1) was used:

EIm = EAb

w× d
(1)

whereEIm: determining impact energy or impact strength,
EAb: absorbed energy of specimen, w: width of specimen
and d: thickness of specimen.

Thermal stability

The decomposition temperature of the neat PLA and its
blends were characterised using a TGA (TG/DSC STA
449 F3 Jupiter, NETZSCH Instruments, Selb, Germany).
The TGA technique was used to determine the thermal
stability of the PLA films before and after the addition
of the nucleating agent and PBAT. Samples (about
4–6 mg) were cut from the neat and PLA blend films
and placed in a crucible (70 μL) to use in each TGA
experiment. The operation was performed in a nitrogen
atmosphere with a heating rate of 20°C min−1 from 50
to 600°C. The percentage of weight loss for all samples
was evaluated.

Crystallisation and thermal behaviours

A differential scanning calorimeter (DSC; DSC 200 F3
Maia, NETZSCH Instruments, Selb, Germany) was
used to evaluate the crystallisation behaviours and any
thermal transitions of the PLA blend films. For each
DSC analysis, approximately 6–8 mg of samples was
encapsulated in a hermetically sealed aluminium pan

1 A schematic representation of the preparation of the material

Table 1 Sample formulations of neat PLA and the PLA blend films with different types and contents of nucleating agent

Formulation PLA (wt-%) PBAT (wt-%)

Nucleating agents (phr)

NC TC TO

Neat PLA Neat PLA 100 – – – –

Nucleated PLA PLA/NC 1 100 – 1 – –

PLA/NC 2 100 – 2 – –

PLA/NC 4 100 – 4 – –

PLA/TC 1 100 – – 1 –

PLA/TC 2 100 – – 2 –

PLA/TC 4 100 – – 4 –

PLA/TO 1 100 – – – 1
PLA/TO 2 100 – – – 2
PLA/TO 4 100 – – – 4

Nucleated PLA/PBAT PLA/PBAT 90 10 – – –

PLA/PBAT/NC 4 90 10 4 – –

PLA/PBAT/TC 4 90 10 – 4 –

PLA/PBAT/TO 4 90 10 – – 4
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(30 μL). A first heating scan was operated from room
temperature to 180°C at a heating rate of 10°C min−1

and held at 180°C for 3 min to remove the thermal history
of all samples. Then, it was cooled to −60°C with a cool-
ing rate of 10°C min−1. Finally, in a second heating scan
samples were heated to 180°C at a heating rate of 10°
C min−1 to determine the non-isothermal crystallisation
behaviours of the films. All experiments were carried out
in a nitrogen atmosphere. The glass transition tempera-
ture (Tg), crystallisation temperature (Tc), cold crystallisa-
tion temperature (Tcc), melting temperature (Tm), specific
cold crystallisation enthalpy (ΔHcc) and specific melting
enthalpy (ΔHm) of the samples were recorded. The degree
of crystallinity (χc) of the neat PLA and PLA blend films
was calculated using the following equation (2):

xc =
(DHm − DHcc)
(1−Wf ) · DH0

m
× 100 (2)

whereWf is the weight fraction of the filler and DH0
m is the

melting enthalpy of the 100% crystalline PLA that was
equal to 93.6 J g−1.24

Morphological studies

Fracture surfaces after tensile testing were evaluated by a
scanning electron microscope (SEM; JSM 6480, JEOL,
Tokyo, Japan). The fractured surface of the PLA blend
films was sputter coated with a thin layer of gold prior
to experiment. The SEM was operated at 15 kV to
image the films. Furthermore, an energy dispersive spec-
troscopy (EDS; 7573 INCAx-sight EDS, Oxford Instru-
ments, Concord, MA, USA) on SEM was used to
identify the particle elements and disperse state of the
PLA blend films.

Results and discussion
PLA/nucleating agent blends
Tensile properties

Tensile strength and elongation at break of neat PLA and
PLA blend films with various types and concentrations of
nucleating agent are displayed in Fig. 2a and b, respect-
ively. Neat PLA had a high tensile strength (about

2 The tensile properties of neat PLA and the PLA blend films with various types and concentrations of nucleating agent a ten-
sile strength and b elongation at break
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50 MPa) but the elongation at break was quite low (about
3.6%). Neat PLA had a high glass transition temperature
(Tg) of 60.1°C and displayed a glass-like brittle behaviour
at room temperature due to the freezing of the molecular
chains into the polymer. In the glassy state, a large scale
molecular motion of the PLA main chains did not
occur because of the limitation of the relative free volume,
that led to a lower volume expansion coefficient in this
region.25 The addition of TC (i.e. <4 phr) to the PLA
blend films produced an increase of their tensile strength.
The tensile strength on the PLA/TC blends increased with
each increment of TC level; however, the percentage of the
elongation at break gradually decreased. Furthermore, at
4 phr of TC, the tensile strength of the composite films
significantly decreased to 38.56 MPa compared to that
of the blends containing 1 phr (54.63 MPa). It might
result from some agglomeration of TC that occurred at
high concentrations.
In contrast, the presence of NC and TO in the PLA

matrix composites led to a slight decrease of the tensile
strength but there was an impressive increase of the
elongation at break, especially with small amounts of
the nucleating agent (1 phr). This could be explained in
that the addition of nucleating agent might lead to an
increase in both the degree of crystallinity (χc) and the
smaller spherulitic size that resulted in the enhancement
of the elongation at break of the PLA blend films as sup-
ported by the morphological studies. Figure 3 shows the
SEM and energy dispersive spectroscopy on SEM
(EDS/SEM) images at 1000× magnification of the tensile
fracture surface of the PLA blend films with 1 phr of
nucleating agent. The EDS/SEM results revealed that
NC, TC and TO particles were well-dispersed in the
PLA matrix with the typical appearance as in Fig. 3a–f.
Moreover, the tensile fracture surface of the PLA blend
film with 1 phr of NC and TO (Fig. 3d and f ) showed
more homogeneous dispersion of nucleating agent than
that with TC (Fig. 3e) which helped to improve their

mechanical properties. On the other hand, with a further
increase of the nucleating agent (i.e. >1 phr), the tensile
properties of the PLA blend films apparently decreased.
This is probably because some agglomeration of the over-
loading nucleating agent particles occurred and this led to
more defects and cracks in the composites. This is one
possible reason why the tensile properties of the PLA
blend films at the higher levels of the nucleating agent
obviously decreased. These behaviours could be observed
in both of the PLA blend films with NC and TO. How-
ever, comparatively, the overall elongation at break of
the blend films with NC and TO was higher than that
of the neat PLA. This result was supported by the DSC
data because the χc of the blend films was closely related
to their mechanical properties.

Impact tension

Generally, impact testing is used to determine the capa-
bility of the material to withstand a suddenly applied
load in terms of the impact toughness or the impact
energy. Moreover, toughness of the material is related to
its ability to absorb energy during the impact testing.
Therefore, brittle materials have a lower toughness or
impact resistance than ductile material due to the lower
energy absorption. Normally, the crystal size, crystal
amount and crystal perfection of materials may also sig-
nificantly affect the value of the impact strength because
they may lead to an increase or decrease of the stress con-
centration that was related to the absorbed energy. Neat
PLAwas semi-crystalline with a 19.8% degree of crystal-
linity (as shown in Table 2) due to its slow crystallisation
rate. Crystallinity and the rate of crystallisation of PLA
were enhanced by using an appropriate nucleating agent
that may lead to a decrease of its life cycle time for
productivity.
From equation (1), the impact energy (EIm) or impact

strength of the neat PLA and PLA blend films was

3 SEM and energy dispersive spectroscopy on SEM (EDS/SEM) images at 1000×magnification of the tensile fracture surface of
PLA blend films with 1 phr of nucleating agent a, d NC, b, e TC and c, f TO
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calculated. The impact strength of the neat PLA and the
PLA blend films with different types and concentrations
of nucleating agent is displayed in Fig. 4. The impact
strength of the neat PLAwas 225 kJ m−2 which indicated
its brittle behaviour due to the low value of the absorbed
energy. As expected, the PLA blend films with the
addition of the nucleating agent had an increased ten-
dency in terms of their resistance to impact. For example,
the impact strength of the PLA blends with TO was
increased to 356, 384 and 412 kJ m−2 when the TO level
increased from 1 to 2 and 4 phr, respectively. In other
words, the percentage of the impact energy of the PLA
composite films with TO was enhanced by almost 58, 71
and 83%, respectively, compared to that of the neat
PLA. Furthermore, similar results were observed in the
PLA blend with NC and TC. The results of similar exper-
iments have been previously reported by Arends26 and
Zhang et al.27 They explained that changing of the spher-
ulite size in the polymer with the addition of a nucleating
agent was a key reason for the increment of toughness.
With the presence of the nucleating agent, a lot of small
spherulites were produced that led to a large number of
tie-molecules that led to an increased ability of the
material to absorb energy.
Also the increase of the impact strength may be due to a

decrease of the internal stresses in the micro regions of the

PLA composites. The role of these stresses in the change
of the impact resistance can be explained via the cracking
mechanism as follows: the presence of a nucleating agent
in PLA accelerated the crystallisation process and pro-
moted a large number of tiny crystals which then
reinforced the resistance of a suddenly applied load.
Therefore, the micro deformations grow first at the crystal
boundaries rather than on the PLAmatrix when the stres-
ses were applied by impact tension. This is one possible
reason why the impact resistance of the PLA blend films
with TC, NC and TO was obviously improved compared
to that of neat PLA.

Thermal stability

The TGA technique was used to investigate the thermal
stability and decomposition temperature (Td) of the neat
PLA and PLA blend films. Figure 5a–c shows the effect
of the different types and levels of nucleating agent on
the thermal stability of the PLA composites. The neat
PLA showed only one step of decomposition from about
336 to 390°C that was attributed to the thermal decompo-
sition of the PLA backbone. The temperatures at 10 and
50% of weight loss of the neat PLAwere 347 and 372°C,
respectively (as shown in Table 2). Surprisingly, the TGA
thermograms (Fig. 5a) revealed that the onset of the Td

Table 2 Data from the TGA and DSC thermograms of neat PLA and PLA blend films with various types and levels of nucleating
agent

Formulation Td (°C) onset

Temperature (°C)
at weight loss Thermal transitions (°C)

χc (%)10% 50% Tg Tc Tcc Tm1
∗ Tm2

∗

Neat PLA 336.5 347.3 372.8 60.1 – 125.9 – 154.4 19.8
PLA/NC 1 333.8 348.1 375.6 61.3 94.4 103.4 147.4 157.9 29.7
PLA/NC 2 315.2 337.2 360.6 58.4 – 100.4 144.6 155.4 41.7
PLA/NC 4 310.3 326.5 351.4 61.6 – 108.9 148.3 156.7 33.6
PLA/TC 1 340.1 355.1 376.8 58.2 92.9 – 144.4 155.2 37.6
PLA/TC 2 335.6 350.5 374.7 55.6 92.4 – 144.9 154.9 37.2
PLA/TC 4 321.7 334.4 359.2 54.7 86.2 96.2 143.2 155.4 38.8
PLA/TO 1 335.8 350.0 375.5 56.9 – 111.2 147.2 156.2 43.7
PLA/TO 2 334.9 348.7 370.7 56.4 – 109.2 145.9 155.7 41.2
PLA/TO 4 331.6 344.6 369.9 58.2 – 115.7 148.4 156.4 40.2
∗Tm1: lower melting temperature, Tm2: higher melting temperature.

4 Impact toughness of neat PLA and the PLA blend films with different types and concentrations of nucleating agent
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of the PLA blend films with NC was significantly reduced
with an increase of the content of the nucleating agent
(from 1 to 4 phr) with a decrease from 333.8 to 310.3°C
compared to that of the neat PLA. For example, the ther-
mal stability of the PLA composites with 4 phr NC

decreased by about 26°C compared to the neat PLA. Fur-
thermore, the TGA data indicated that the temperature
used for a 10%weight loss of the PLA/NC blend decreased
to 348.1°C (1 phr NC), 337.2°C (2 phr NC) and 326.5°C
(4 phr NC), respectively. A similar tendency of the

5 TGA thermograms of neat PLA and PLA blend films with various levels of nucleating agent a NC, b TC and c TO
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temperature used for a 50%weight losswas noticed. These
results might be the result of the presence of NC that could
obviously be enhanced by the larger number of nuclei that
led to a greater amount of tiny crystals in the PLAmatrix.
Those very small sized PLA crystals played an important
role on the large depression of the thermal stability of the
PLA/NC composite films. These behaviours could also
be observed in the PLA blend films with the TC and TO
as shown in Fig. 5b and c, respectively. However, it seems
that the thermal stability of the blend films with a higher

TO was higher than that with NC. From Table 2, at
4 phr of nucleating agent, the Td onset values of the com-
posite films were about 310°C (PLA/NC) and 332°C
(PLA/TO), as an example.

Crystallisation and thermal behaviours

The DSC technique was used to determine the crystalli-
sation behaviour and thermal transitions of neat PLA
and the PLA blend films. DSC cooling and the 2nd

6 Cooling curves in the DSC thermograms of neat PLA and PLA blend films with various contents of nucleating agent a NC, b
TC and c TO
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heating curves of neat PLA and PLA blends with various
types and amounts of nucleating agent are shown in Figs.
6 and 7, respectively. The DSC data indicated that the
crystallisation temperature (Tc) of neat PLA depended
upon the cooling rate. The Tc of neat PLA was not
observed because of the high cooling rate
(10°C min−1). Hence, at the 2nd heating the DSC ther-
mogram of the neat PLA, an exothermic peak associated
with a cold crystallisation temperature (Tcc) was noticed
at 125.9°C due to the recrystallisation of the PLA lamel-
lae. This evidence confirmed that the crystallisation rate

of neat PLA was too slow to occur in one cooling step
that led to a partial re-alignment of its molecular chains
in the 2nd heating step. A single endothermic signal that
was the melting temperature (Tm) appeared at 154.4°C,
whereas its degree of crystallinity was quite low at
about 19.8% (Table 2).
A similar behaviour of a non-isothermal crystallisation

could also be observed in both of the PLA blend films
with NC and TO. The DSC cooling curves in Fig. 6 indi-
cated that an exothermic peak of the PLA blends did not
appear during the cooling step; however, the Tcc peak

7 2nd heating curves in the DSC thermograms of neat PLA and PLA blend films with different levels of nucleating agent a NC, b
TC and c TO
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was clearly observed in the heating step. It was of interest,
that with an increase of the TO content, the Tcc values were
shifted towards a lower temperature (109–115°C) com-
pared to that of the neat PLA (125.9°C) under the same
conditions. These tendencies were similarly reported in
the PLA blends with NC. The presence of both NC and
TO led to decrease of the Tcc, and accelerated the crystal-
lisation rate of PLA. However, adding too much of NC
and TO (i.e. 4 phr) led to a slight decrease of the Tcc.
This might be because the efficiency of the nucleating
agent was retarded by some agglomeration of the particles.
Furthermore, these DSC data indicated that the χc of the
PLA blend films was improved by 30–44%, compared to
the neat PLA (19.8%). A doubling of the melting tempera-
ture of the PLA blends was clearly observed over the range
of 143–148°C (Tm1) and 155–158 °C (Tm2), respectively.
Generally, the influence of the Tc, crystallisation time, mol-
ecular weight, heating and cooling rates were significantly
affected by the double melting behaviour.28 The lower
peak of melting (Tm1) was probably related to the crystal-
lisation of the PLA during the heating cycle and the higher
peak of melting (Tm2) should correspond to the crystallisa-
tion of PLA during the cooling process.28,29

In the case of the PLA blend films with TC, different
thermal behaviours were observed. In the cooling step,
the DSC thermograms showed the obvious Tc signal that
was related to the induction of the PLA crystallisation
when a small amount of TC was added to the composite
films. The Tc values appeared at about 86–92°Cwhich indi-
cated that the crystallisation of the PLA/TC composite was
completed during the cooling process. Therefore, recrystal-
lisation of PLA molecular chains did not occur in the 2nd
heating scan leading to the disappearance of the Tcc peak.
Nevertheless, the blend films with 4 phr TC showed small
signals in both the Tc and Tcc. This might result from
some agglomeration of the overload of TC particles pre-
sent in the PLA composites. Double melting peaks that
resulted from the perfect and imperfect crystals were also
observed. Furthermore, the addition of TC into the com-
posites led to a significant increase of χc. These results
revealed that the presence of TC in the PLA composites
significantly affected the non-isothermal crystallisation
behaviour of the films. The addition of TC to the compo-
sites led to a faster crystallisation rate and greater crystal-
linity compared to that without the nucleating agent. In
summary, (1) the crystallisation behaviour of the neat
PLA and its composites was dependent on the type and
amount of the nucleating agent, (2) NC, TC and TOplayed
an important role in accelerating the crystallisation rate
and increasing the crystallinity of the PLA and (3) TC,
NC and TO were effective nucleating agents for PLA.

PLA/PBAT/Nucleating agent blends
Tensile properties

A flexible polymer like PBAT was used to complex with
PLA to enhance the flexibility and toughness of neat
PLA. Table 3 shows the tensile properties of neat PLA
and the PLA/PBAT (90/10 w/w) blend films with different
types of nucleating agent (4 phr). The elongation at break
of the PLA was greatly improved after the addition of
PBAT from 3.6% (neat PLA) to 11.6%. In contrast, the
tensile strength of the films was significantly decreased
by the presence of 10 wt-% PBAT (32.9 MPa), compared
to the neat PLA (47.4 MPa). Normally, such behaviour

was observed when the softer material (PBAT) was
mixed with a more brittle material (PLA). Furthermore,
the poor adhesion between the two phases of PLA and
PBAT led to a reduction of the tensile strength.
When the nucleating agent was added into the compo-

site films, both tensile strength and elongation at break
decreased significantly. The tensile strength of the PLA/
PBAT composites decreased to 24.7 (4 phr NC), 27.7
(4 phr TC) and 22.2 MPa (4 phr TO), respectively. The
reduction of the strength was about 20–30%, whereas the
decrease of the elongation at break was about 50–70%,
compared to the PLA/PBAT composite without nucleat-
ing agent. From these results it seems as though there
was an incompatibility of PLA, PBAT and the nucleating
agent that occurred. Furthermore, the particles of the dis-
persed PBATand nucleating agent acted as stress concen-
trators and caused defects and cracks in the composites,
that resulted in a low tensile strength and elongation at
break. Such behaviour was observed in all the different
compositions of the PLA/PBAT blend films.

Impact tension

Although the presence of a nucleating agent in the PLA/
PBAT blend films had a negative effect on the tensile
properties, the tensile-impact resistance was greatly
improved. As shown in Table 3, the impact strength of
PLA was enhanced from 225 to 280 kJ m−2 by adding
10 wt-% PBAT because the phenylene groups in the
PBAT main chains played an important role for improv-
ing the energy absorption. Furthermore, the impact
strength of the PLA/PBAT (90/10 w/w) blends increased
to 326, 512 and 422 kJ m−2 in the presence of NC, TC
and TO, respectively. As discussed above in topic ‘Impact
tension’, the presence of a nucleating agent in the PLA
accelerated the crystallisation process and created a
large number of small crystals that enhanced the energy
of resistance from a suddenly applied load. Therefore,
the impact resistance of the PLA blend films containing
a nucleating agent was obviously increased. It was of
interest, that these results clearly showed the synergistic
effect of adding PBAT and a nucleating agent into the
PLA blend films that resulted in a strong improvement
of the toughness.

Thermal stability

The TGA thermograms of the PLA/PBAT blend films
without andwith various types of nucleating agent are dis-
played in Fig. 8. The PLA/PBAT film showed two steps of
thermal degradation. The first stage was approximately at
335–340°C andwas attributed to the decomposition of the
PLA main chains, while the second step was about 400–

Table 3 Tensile properties and tensile-impact resistance of
neat PLA and PLA/PBAT blend films without and
with various types of nucleating agent

Film samples

Tensile
strength
(MPa)

Elongation
at break (%)

Tensile-impact
resistance
(kJ m−2)

Neat PLA 47.39 ± 1.85 3.57 ± 0.45 225 ± 20
PLA/PBAT 32.87 ± 1.13 11.59 ± 2.19 280 ± 12
PLA/PBAT/NC 4 24.72 ± 1.64 4.18 ± 0.31 326 ± 8
PLA/PBAT/TC 4 27.72 ± 1.27 5.25 ± 0.35 512 ± 14
PLA/PBAT/TO 4 22.06 ± 2.74 6.63 ± 1.11 422 ± 15
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410°C andwas associatedwith the loss of PBAT, and indi-
cated the presence of PLA and PBAT phases in the films.
Furthermore, the TGA result revealed that the thermal
stability of PBAT was higher than that of PLA.
For investigating the thermal stability of the PLA/

PBAT blends without and with a nucleating agent, the
temperatures used for decomposing the samples to 10
and 50% weight loss were determined. As shown in
Table 4, the temperatures at 10 and 50% weight loss of
the PLA/PBAT composite films without nucleating
agent were approximately 351 and 378°C, respectively.
These values of the blend films apparently decreased
with the addition of nucleating agent. Similar results of
a decreased Td onset were observed in both the first and
second decomposition steps. These data implied that the
thermal stability of the PLA/PBAT blend films decreased
with the presence of NC, TC and TO due to the changes
in the size and specific surface area of the crystals that
were related to the heat of decomposition. However, the
PLA blend with 4 phr TO had a higher thermal stability
than those with NC and TC.

Crystallisation and thermal behaviours

The DSC thermograms of the PLA/PBAT (90/10 w/w)
blend films without and with different types of nucleating
agent are shown in Fig. 9. The Tg, Tcc and χc of PLA/
PBAT (90/10 w/w) films without a nucleating agent were
54.7°C, 111.9°C and 28.7%, respectively. In addition,
the Tm1 and Tm2 appeared at around 148 and 155°C as
shown in Table 4. The exothermic peak that corresponded

to the Tc did not appear in the DSC cooling process of the
PLA/PBAT films. These data indicated that crystallisa-
tion of the PLA/PBAT composites was not completely
formed during the cooling step. Therefore, the recrystalli-
sation process was taking place and led to the obvious Tcc

curve during the 2nd heating scan (Fig. 9b). The Tg of the
PLA/PBAT film without the nucleating agent decreased
by almost 5.5°C (from 60.1 to 54.7°C) compared to that
of the neat PLA because the presence of the PBAT
phase helped to enhance the chain mobility of the PLA
matrix and led to a significant increase of the elongation
at break, as evidenced by the tensile properties. It was
of interest, that the Tcc of PLA decreased dramatically
after complexing with the PBAT from 125.9°C (neat
PLA) to 111.9°C, and indicated that the PBAT acceler-
ated the cold crystallisation of PLA. The Tcc of PLA sig-
nificantly decreased by almost 14°C after mixing with
10 wt-% PBAT. A similar result was reported recently
by Pan et al.21 They found that the immiscible blending
of PLA and PVDF promoted the crystallisation and
nucleation of the PLA matrix. The proposed mechanism
of the PVDF-promoted crystallisation of PLA was that
of an interface-assisted and heterogeneously epitaxial
nucleation. Furthermore, Sakai et al.20 investigated the
effect of blending PCL with PLA on the crystallisation
and thermal behaviour. They reported that the acceler-
ated crystallisation of PLA that had occurred during the
cold crystallisation in the PLA/PCL blending system
was associated with the mechanism of interface-assisted
nucleation.

8 TGA thermograms of PLA/PBAT (90/10 w/w) blend films without and with different types of nucleating agent

Table 4 Thermal properties of PLA/PBAT blend films without and with various types of nucleating agent

Formulation

Td (°C) onset
Temperature (°C)
at weight loss Thermal transitions (°C)

χc (%)First Second 10% 50% Tg Tc Tcc Tm1
∗ Tm2

∗

PLA/PBAT 336.1 410.3 351.3 377.8 54.7 – 111.9 148.4 155.3 28.7
PLA/PBAT/NC 4 306.4 383.6 321.8 351.8 60.2 – 107.6 146.6 155.8 34.5
PLA/PBAT/TC 4 328.5 400.5 344.2 369.1 61.5 – 108.1 147.1 156.1 31.1
PLA/PBAT/TO 4 330.7 398.7 346.5 369.4 59.8 – 106.8 147.8 156.6 36.0
∗Tm1: lower melting temperature, Tm2: higher melting temperature.
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With the addition of a nucleating agent, the thermal tran-
sitions of the PLA/PBAT blend films were significantly
affected. First, the Tg value of the composites increased to
60.2, 61.5 and 59.8°C when NC, TC and TO, respectively
were present. The increase of Tg that occurred because of
the reduction of PLA chain mobility led to more brittle
behaviour together with evidence for the depression of
both the tensile strength and the elongation at break.
Second, the double melting behaviour of PLAwere hardly
affected and this indicated that different types of nucleating
agent made little change to the size and perfection of the
crystals of the PLA/PBATcomposite. Third, no crystallisa-
tion peak was detected during the cooling process at 10°
C min−1 but the cold crystallisation peak was clearly
noticed during the heating that followed. The Tcc values
decreased by approximately 5°C (in the range of 106.8–
108.1°C) with the addition of a nucleating agent. This
implied that addition of the nucleating agent facilitated
the crystallisation rate of the blends. An increment of crys-
tallinity was also observed. These results indicated that TO
was a more efficient nucleating agent for PLA and PLA/
PBAT blend films than NC and TC.

Conclusions
The type and amount of nucleating agent affected the
properties and crystallisation behaviours of PLA blend

films. The addition of a nucleating agent greatly increased
the elongation at break and the impact strength of PLA
each being associated with a change of the spherulite size
that enhanced its crystallinity; however, the tensile strength
decreased especially with high amounts of loading due to
some agglomeration of the nucleating agent particles. Fur-
thermore, the Td onset of PLA decreased with each extra
amount of added nucleating agent. Comparatively, the
overall properties of the PLA composites with TO were
higher than those containing NC and TC. Based on the
non-isothermal crystallisation, we have summarised that
the addition of the nucleating agent into the composite
films promoted heterogeneous nucleation and enhanced
the crystallisation process of PLA. The appearance of Tc

during the cooling process and the decrease of the exother-
mic Tcc during the cold crystallisation was due to the accel-
eration of the crystallisation rate into the PLA molecular
chains, and this was supported by the DSC results.
For the PLA/PBAT/nucleating agent blend films, the

results indicated that the presence of 10 wt-% PBAT sig-
nificantly improved the elongation at break, impact
toughness and thermal stability of PLA but decreased
its tensile strength. Moreover, the crystallisation rate of
PLA was promoted via the immiscible blending with
PBAT and the cold crystallisation processes was due to
the synergistic effects of PLA and PBAT. With the
addition of a nucleating agent, a Tg increment of the

9 DSC thermograms of PLA/PBAT (90/10 w/w) blend films without and with different types of nucleating agent a cooling and b
2nd heating curves
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PLA/PBATcomposites was observed. Nevertheless, the χc
and the crystallisation rate of the blends were also
enhanced. The experimental data indicated that TO was
a more efficient nucleating agent for the PLA and PLA/
PBAT blend films than NC and TC.
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 Poly(butylene adipate-co-terephthalate) (PBAT) and polylactide (PLA) 

biodegradable composite films were hot-melted via a twin screw extruder. The 

influences of PLA contents, nucleating agent types and compatibilizer levels on 
the tensile, thermal, physical, and morphological properties of the composite films 

were investigated. PLA contents were varied from 10 to 50 wt%. Nanoprecipitated 

calcium carbonate (NPCC) and talc were used as a nucleating agent at 2 phr. 
Whereas, toluenediphenyl diisocyanate (TDI) was used as a compatibilizer at 

different concentrations (1 to 9 wt% based on PLA contents) to enhance an 

interfacial adhesion between PBAT and PLA. The  presence of PLA, nucleating 
agent, and compatibilizer had significant effect on mechanical strength, elongation, 

morphology, and thermal behaviors of the PBAT/PLA biodegradable composite 

films. The results showed that tensile strength of the composites was increased with 
increment of PLA contents; in contrast, elongation at break was substantially 

decreased due to phase separation of PBAT and PLA according to SEM results. In 

addition, thermal stability and crystallization of PBAT composite films  were 
affected with the addition of PLA. However, a presence of nucleating agent and an 

appropriate level of TDI led to significant improvement of the tensile properties of 

the PBAT composites compared with the uncompatibilized ones. These effects 
are in agreement with morphological results. 
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INTRODUCTION 

 

 Poly(butylene adipate-co-terephthalate) (PBAT) is one of the most attractive biodegradable polymers 

because its high elongation, flexibility, and toughness [1, 2]. PBAT could be used in widespread applications; 

i.e., biomedical material, food container, and film packaging. However, low modulus and low strength were 

significant limitations of PBAT [3]. Reinforcing PBAT with other polymers is one of well- known techniques 

to improve its drawbacks. Commercial polymers such as polystylene (PS) and poly(ethylene terephthalate) 

(PET) may be considered as a good alternative material for strengthening PBAT.     On  the  other  hand,  the  

production  process,  usage,  and  waste  of  these  polymers  lead  to addition of PLA could be used to 

reinforce the strength of PBAT composite films. For example, the tensile strength of PBAT composite films 

with 50 wt% of PLA was increased about 32 % compared to that of neat PBAT. However, elongation at break 

of PBAT/PLA (50/50 w/w) composite films was only about 3 % resulting from incompatibility between two 

phases of PBAT and PLA [7]. Hence, the nucleating agent and the compatibilizer were used to improve tensile 

properties and compatibility of the PBAT/PLA composite films. As a result, the objectives of this work were 

focused on the preparation of PBAT/PLA biodegradable composite films at various compositions. Two types of 

nucleating agent (talc and nano-precipitated calcium carbonate (NPCC)) were investigated. PLA was used as a 

reinforcing polymer, while toluenediphenyl diisocyanate (TDI) was used as a compatibilizer at different 

amounts (1 to 9 wt%) based on PLA contents to enhance an interfacial adhesion between PBAT and PLA. 
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Experimental: 

Materials: 

 PBAT resin (Ecoflex F BX7011) acted as polymer matrix with a density of 1.26 g/cm3 was purchased from 

BASF Corporation. The glass transition temperature (Tg) and melting tempaerature (Tm) of PBAT were about -

30 and 110 °C (DSC analysis), while its weight average molecular weight (Mw) and polydispersity index (PDI) 

were 170 kDa and 1.32 (GPC analysis in THF), respectively. Polylactide (PLA 4042D, Mw = 130 kDa, PDI = 

1.46, Tg = 58 °C, Tm = 152 °C, density = 1.24 g/cm3) was purchased from NatureWork LLC. NPCC and talc 

used as a nucleating agent were supplied from Behn Meyer Chemical Co., Ltd., Bangkok, Thailand and Siam 

Cement Group (SCG Chemicals) Co., Ltd., Rayong, Thailand, respectively. TDI obtained from Siam Chemical 

Industry Co., Ltd., Bangkok, Thailand was used as a compatibilizer for improving interfacial adhesion of PBAT 

and its composites. 
 

Table 1: Sample formulations of neat PBAT and PBAT/PLA biodegradable composite films with various types of nucleating agent and 
       different levels of PLA and TDI. 

 
 

Sample Preparation: 

 The PBAT/PLA composites were prepared through a counter-rotating twin screw extruder (L/D = 15/1, 

TSE 16 TC, PRISM). PLA was used as a reinforcing polymer at different concentrations (10 to 50 wt%), 

whereas NPCC and talc acted as a nucleating agent were fixed at 2 phr, respectively. TDI were used as 

compatibilizer at various levels from 1 to 9 wt% based on PLA contents for enhancing an interfacial adhesion 

between two phases of the composite films. Sample formulations and its abbreviations were displayed in Table 

1. The temperature profiles and screw speed of twin screw extruder were controlled on three zones ranging from 

110 to 180 °C and 30 rpm, respectively. The extruded pellets were dried in a vented oven at 60°C overnight and 

then compression-molded into the film specimens by hydraulic press (Scientific, Labtech Engineering). 
 

Characterization and Testing:  
 Rectangular film specimens of tensile testing with the size of 15 mm wide, 150 mm long, and about 250 μm 

thickness were performed using a universal testing machine, according to the ASTM D882-02. Scanning 

electron microscope (SEM) was employed to characterize the fractured surface of neat PBAT and PBAT/PLA 

composites.. The fractured surface of the films was coated with a thin layer of gold before being scanned. The 

SEM was operated at 15 kV to image the films. 

 Thermal stability of the composite films was evaluated by using a thermogravimetric analyzer (TGA) under 

nitrogen atmosphere using a heating rate of 20°C/min from 50 to 600°C. Thermal behaviors of the films were 

characterized by a differential scanning calorimeter (DSC). Sample size with an average weight of 10 - 12 mg 

encapsulated in a hermetically sealed aluminum pan was prepared for each test. Thermal history of all samples 

was removed by first heat scanning from 25 °C to 180 °C and hold for 3 min to eliminate any thermal history of 

all samples, followed by quenching the sample with liquid nitrogen to –60 °C, and finally heating again to 180 

°C at cooling and heating rates of 10 °C/min, respectively. All experiments were carried out under nitrogen 

atmosphere. The glass transition temperature (Tg), crystallization temperature (Tc), cold crystallization 

temperature (Tcc), and melting temperature (Tm) were evaluated, respectively. 
 

RESULTS AND DISCUSSION 

 

 Tensile strength and elongation at break of neat PBAT and PBAT/PLA composite films with different 

amounts of PLA (10 to 50 wt%) are displayed in Figure 1a and 1b, respectively. Neat PBAT showed a ductile 

behavior with very high elongation at break of 111 % but low tensile strength of only about 6 MPa (Table 2). In 

addition, the presence of PLA in PBAT composite films led to an increment of tensile strength but significant 
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decreasing of elongation at break compared to neat PBAT. These results indicated that the addition of PLA 

could be used to reinforce the strength of PBAT composite films. For example, the tensile strength of PBAT 

composite films with 50 wt% of PLA was increased about 32 % compared to that of neat PBAT. However, 

elongation at break of PBAT/PLA (50/50 w/w) composite films was only about 3 % resulting from 

incompatibility between two phases of PBAT and PLA [7]. Hence, the nucleating agent and the compatibilizer 

were used to improve tensile properties and compatibility of the PBAT/PLA composite films. 

 

 
 

Fig. 1: Tensile properties of neat PBAT and PBAT/PLA composite films with different PLA contents (a) tensile 

      strength and (b) elongation at break 

 
Table 2: Tensile properties of neat PBAT and PBAT/PLA biodegradable composite films with various amounts of PLA from 10 to 50 wt%. 

Sample ID Tensile strength (MPa) Elongation at break (%) 

Neat PBAT 6.38 ± 0.20 111.02 ± 11.24 

PBPL10 6.95 ± 0.39 52.40 ±  7.32 

PBPL20 6.79 ± 0.28 18.19 ±  3.57 

PBPL30 6.84 ± 0.65 4.29 ±  0.75 

PBPL40 7.27 ± 0.97 2.13 ±  0.39 

PBPL50 8.43 ± 0.29 2.77 ±  0.25 

 

 Physical appearances of neat PBAT and the PBAT/PLA (70/30 w/w) composite films are displayed in 

Figure 2a and 2b, respectively. The results illustrated that elongation of neat PBAT film was obviously 

increased by forming a neck within a narrow region of a width, indicating ductile behavior of neat PBAT. In 

contrast, the PBAT/PLA (70/30 w/w) composite film was brittle material without formation of elongation area 

which was in agreement with tensile properties. The more PLA content was added the lower elongation at 

break of the PBAT biodegradable composite films was (as shown in Table 2). 

 Figure 3 displays the SEM micrographs of fracture surface of neat PBAT, neat PLA, and PBAT composite 

films with different contents of PLA. In Figure 3, the SEM micrograph of neat PBAT (3a) displayed smooth 

fracture surface which was a typical characteristic of ductile material; in contrast, that of neat PLA (3d) 

illustrated rougher fracture surface which was associated with brittle polymer, respectively. For PBAT/PLA 

composite film, the SEM images showed the obvious phase separation between PBAT and PLA (Figure 3b and 

3c). A large number of PLA particles on the fracture surface of the films were found. Furthermore, many 

gaps in fracture surface of the composites which were resulting from pulling away and debonding of PLA 

particles from PBAT matrix were obviously noticed. These results revealed the incompatibility between two 

phases of PBAT and PLA which was in agreement with tensile properties of the PBAT/PLA biodegradable 

composite films without compatibilizer. This is a reason why the tensile properties of the films significantly 

decreased with the increasing of PLA. 

 The influence of PLA amounts (0 to 40 wt%) on the thermal stability of neat PBAT and its composites is 

displayed in Figure 4 and Table 3. TGA thermograms indicated that neat PLA had an initial weight loss at about 

330 °C, responding to thermal decomposition of PLA main chains, whereas neat PBAT illustrated a single 

main stage of thermal degradation at about of 370 °C, related to the decomposition of PBAT. 

Furthermore, TGA thermograms of PBAT/PLA films revealed 2 steps of thermal degradation. The first step was 

approximately 330 to 350 °C which was attributed to the decomposition of PLA, whereas the second stage was 

about 370 to 390 °C which was associated with the loss of PBAT. These results indicated the presence of 

PBAT and PLA in the biodegradable composite films. 

 For evaluating the thermal stability of neat PBAT and its biodegradable composites, the temperature at 20 

wt% weight loss of sample was calculated. As shown in Table 3, the temperature used for removing 20 wt% of 

neat PBAT was 401.7°C . The temperature at 20 wt% weight loss of the blend films apparently decreased 
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(from 395.3 to 367.9 °C) when the PLA amount increased (from 10 to 40 wt%). These results implied that 

thermal stability of the PBAT/PLA biodegradable films decreased with the increment of PLA amount. The 

PBAT/PLA composite films were lower thermal stability than neat PBAT at all compositions. This was resulting 

from PLA phase with lower thermal stability (Td = 330 °C). As a result, with increasing of PLA and PBAT 

ratio, thermal stability of composite was lower than ones of neat PBAT. Furthermore, data from TGA 

thermograms revealed that percentage of char remaining at 550 °C of neat PBAT (4.93 %) was higher than that 

of neat PLA (0.74 %). The results showed that weight of char remaining of the sample was slightly reduced with 

the increasing of PLA content. It might be explained that thermal stability of PLA significantly affected to the 

presence of char residue in composite films.  

 

 

 

Fig. 2: Physical appearances of rectangular film specimens of (a) neat PBAT and (b) PBAT/PLA (70/30 w/w) 

        composite before and after tensile testing. 

 

 

 

Fig. 3: SEM micrographs of the fracture surface of (a) neat PBAT, (b) PBAT/PLA (90/10 w/w) composite, (c) 

        PBAT/PLA (60/40 w/w) composite, and (d) neat PLA films. 

 

 Figure 5 show the cooling (5a) and 2nd heating (5b) curves of DSC thermograms of neat PBAT, neat PLA, 

and PBAT biodegradable composite films with different concentrations of PLA. Furthermore, the data of 

thermal transition temperature, i.e., the glass transition temperature (Tg), crystallization temperature (Tc), cold-

crystallization temperature (Tcc), and melting temperature (Tm), characterized by a differential scanning 

calorimetry (DSC) are conclusively displayed in Table 4. 

 

 

 

Fig. 4: TGA thermograms of  neat  PBAT,  neat  PLA,  and  PBAT  biodegradable  composite  films with 10 to 

      40 wt% of PLA. 
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Table 3: Data from TGA thermograms of neat PBAT, neat PLA, and PBAT biodegradable composite films with different amounts of 
          PLA. 

 

Sample ID 
Temperature at 20 % of Weight Loss (°C) Char remaining at 550 °C (%) 

Neat PBAT 401.7 4.93 

PBPL10 395.3 4.25 

PBPL20 386.3 4.10 

PBPL40 367.9 3.43 

Neat PLA 356.5 0.74 

 

 The effect of PLA contents on the DSC thermograms was clearly observed. DSC thermogram of neat 

PLA displayed the Tg at about 59.2 °C and a melting endothermic peak at 152.5 °C which represented to 

residual crystallinity. Similar results have been previously reported by Martin and Averous [8]. Besides, Tcc 

peak appeared at 124.9 °C in the 2nd heating curve of DSC thermogram of neat PLA. This thermal 

behavior implied that crystallization of neat PLA in cooling step was not completed due to high cooling rate. 

As a result, Tcc peak could be observed in 2nd heating step of DSC thermogram of neat PLA because some 

parts of PLA chains were re-crystallized. In case of neat PBAT, its thermogram showed a Tg at 

approximately -30 °C whereas, a broader peak of Tm appeared at around 123.2 °C and no Tcc which was 

similarly reported by Jiang et al and Yeh et al [7, 9]. Neat PLA showed the thermal behavior of a brittle 

material with higher Tg (compared to room temperature); in contrast, neat PBAT exhibited that of a 

flexible polymer with lower Tg. These results indicated the thermal characteristics of neat PLA and neat PBAT. 

 When higher level of PLA (from 10 to 40 wt%) was added into the PBAT biodegradable films, Tg was 

significantly increased from 45.8 °C to 53.7 °C. It might be due to brittle behavior of PLA which prompted 

chain stiffness of PBAT/PLA biodegradable composite films. In addition, Tcc of the PBAT composite films 

was obviously observed at about 105 to 106 °C with the increment of PLA levels from 10 to 40 wt%. Both 

decreasing of Tc and increasing of Tcc in the DSC thermograms of composite films indicated that the 

crystallization behaviors of the films became slower with the presence of PLA. In other words, the addition of 

PLA retarded crystallization process of PBAT/PLA biodegradable composite films. However, from 2nd heating 

curves of DSC thermograms, the presence of PLA into the composite film led to obvious appearance of Tm which 

related to degree of crystallinity and mechanical properties of composite films. This is one of reasons why the 

tensile properties of the composite films increased with the increasing of PLA levels. 

 
Table 4: DSC data of neat PBAT, neat PLA, and PBAT composite films with various amounts of PLA. 

 
 

 Influence of different types of nucleating agent and various levels of TDI on the tensile strength and 

elongation at break of the PBAT/PLA composite films is exhibited in Figure 6. These results indicated that the 

tensile strength of the PBAT composite films with 2 phr of nucleating agents (both NPCC and talc) increased 

with the increment of TDI amounts, while the elongation at break sharply increased with 7 wt% TDI based on 

PLA content. These results were obviously observed in both of the nucleated PBAT/PLA composite films 

with NPCC and talc. As shown in Table 5, the nucleated PBAT/PLA composite films with 7 wt% TDI gave the 

highest tensile properties over the whole composition range. The mechanical data indicated that the tensile 

strength and elongation at break of the PBAT/PLA/talc composite films with 7 wt% TDI increased about 33 % 

and 15 %, respectively, whereas those of PBAT/PLA/NPCC composite films with 7 wt% TDI increased about 42 

% and 20 %, respectively comparing to the films without TDI. Significantly, the addition of compatibilizer 

composed of diisocyanate functional group led to interfacial adhesion improvement of the binary mixing [10, 

11]. These results can be summarized that on the one hand adding too less level of TDI (i.e., less than 7 

wt%) was insufficient for improving the interfacial addition between PBAT and PLA phases, but on the other 

hand, adding too much amount of TDI (i.e., more than 7 wt%) might cause some cracks in the composites, 

which led to the reduction of the tensile properties. Thus, the addition of 7 wt% TDI in the nucleated 

PBAT/PLA composite films could be an appropriate concentration to improve and strengthen the interfacial 

adhesion of PBAT and PLA, leading to the increasing of tensile properties of the films. 
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Fig. 5: DSC thermograms of neat PBAT, neat PLA, and PBAT biodegradable composite films with various PLA 

      levels; (a) cooling and (b) 2nd heating curves. 

 

 

 

Fig. 6: Effect of different nucleating agent types and various TDI levels (1 to 9 wt% based on PLA contents) on 

the tensile properties of PBAT/PLA (90/10 w/w) composite films; (a) tensile strength and elongation 

at break 

 
Table 5: Tensile properties of PBAT/PLA (90/10 w/w) biodegradable composite films with various types of nucleating agents and different 

           concentrations of TDI. 

Sample ID Tensile strength (MPa) Elongation at break (%) 

PB PL10 Ta 6.55 ± 0.82 85.83 ± 13.90 

PB PL10 Ta TD1 5.67 ± 0.68 7.40 ±  1.44 

PB PL10 Ta TD3 6.26 ± 0.21 22.66 ±  2.76 

PB PL10 Ta TD5 8.04 ± 0.30 39.09 ±  1.43 

PB PL10 Ta TD7 8.72 ± 0.60 98.67 ± 10.36 

PB PL10 Ta TD9 7.26 ± 1.09 11.52 ±  1.40 

PB PL10 NP 6.55 ± 0.82 85.83 ± 13.90 

PB PL10 NP TD1 5.12 ± 0.59 31.13 ± 14.86 

PB PL10 NP TD3 6.11 ± 0.68 44.02 ±  6.30 

PB PL10 NP TD5 5.94 ± 0.79 50.62 ±  4.95 

PB PL10 NP TD7 9.27 ± 0.54 103.52 ± 13.65 

PB PL10 NP TD9 6.93 ± 0.47 66.54 ±  8.44 
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 SEM images of the fracture surface after tension of nucleated PBAT/PLA composite films without and 

with 7 wt% TDI based on PLA amount is illustrated in Figure 7. For SEM images of the PBAT/PLA/talc 

(90/10/2) and PBAT/PLA/NPCC (90/10/2) composite films without compatibilizer (Figure 7a and 7b), the 

phase separation between PBAT and PLA was noticed at where some PLA particles detached from PBAT 

matrix prompting to a large number of holes on the composite fracture surface. These results clearly revealed the 

incompatibility of PBAT and PLA. The cracking mechanism of the nucleated PBAT/PLA composite films 

without TDI might predominately take place via the matrix of the agglomerated PLA particles than at the 

interface between PBAT and PLA. 

 Nevertheless, a smoother and more uniform fracture surface between PBAT and PLA were showed in the 

SEM images of compatibilized PBAT/PLA biodegradable composite with talc and NPCC (Figure 7c, 7d). The 

addition of compatibilizer (7 wt% of TDI based on PLA content) significantly influenced to the fracture surface 

of the films. Both compatibilized PBAT/PLA/talc and PBAT/PLA/NPCC composite films indicated that the 

PLA particles were finely dispersed into the PBAT composite films, compared to those without 

compatibilizer. Many cavities on the fracture surface of the nucleated composite films with TDI evidently 

decreased. These behaviors indicated that some interfacial adhesion between two phases of PBAT and PLA 

was obviously improved with the addition of TDI. It might be implied that the toughening mechanism of the 

PBAT/PLA composite films with the presence of TDI occurred through the interface between PBAT and PLA. 

These results supported the tensile properties of the nucleated PBAT/PLA composite films which previously  

discussed. 

 

 

Fig. 7: SEM micrographs of the fracture surface after tension of PBAT/PLA/talc (90/10/2) composites (a) 

without and (c) with 7 wt% TDI and PBAT/PLA/NPCC (90/10/2) composites (b) without and (d) with 

7 wt% TDI, respectively. 

 

Conclusion: 

 Tensile strength of the PBAT/PLA biodegradable composite films was improved with the increment of 

PLA content; in contrast, elongation at break was significantly decreased due to phase separation between PBAT 

and PLA, supported by SEM results. Furthermore, data from TGA and DSC thermograms revealed that thermal 

stability of the composite films was slightly decreased and the crystallization was retarded with the addition of 

PLA. However, incompatibility between two phases of PBAT and PLA could be improved by using 

compatibilizer. The addition of TDI on the both of PBAT/PLA/talc and PBAT/PLA/NPCC composite films led 

to the enhancement of interfacial adhesion and the reduction of phase separation into the composites, as 

evidenced by tensile and morphological studies. From these data, the appropriate compatibilizer concentration 

for enhancing the properties of the nucleated composite films was 7 wt% of TDI based on PLA amounts. 
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