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Largely toughening biodegradable poly(lactic acid)/thermoplastic
polyurethane blends by adding MDI

Fei Zhao, Han-Xiong Huang, Shui-Dong Zhang
Laboratory for Micro Molding and Polymer Rheology, Department of Industrial Equipment and Control Engineering, The Key
Laboratory of Polymer Processing Engineering of the Ministry of Education, South China University of Technology, Guangzhou
510640, People’s Republic of China
Correspondence to: H.-X. Huang (E- mail: mmhuang@scut.edu.cn)

ABSTRACT: This work focuses on largely toughening poly(lactic acid)/thermoplastic polyurethane (PLA/TPU) blend with lower con-

tent (20 wt %) of TPU using appropriate contents of 4,4-methylene diphenyl diisocyanate (MDI) via simple melt blending. Both

scanning electron micrographs and differential scanning calorimetry curves suggest little change of the compatibility between the PLA

and TPU phases by adding the MDI. Dynamic rheological test demonstrates that a reaction occurs between the TPU phase and MDI

during melt blending. Combining the rheological behaviors and gel contents of the blends, it can be speculated that adding the MDI

extends the TPU chains and forms branched and crosslinked structure in the TPU chains sequentially. Toughening mechanism is ana-

lyzed and different impact strengths for the blends with different MDI contents are explained based on combined effects of the

decreased crystallinities for the PLA matrix and the extended, branched and crosslinked structure in the TPU chains. A 0.8 wt %

MDI content is optimal in terms of the impact strength (100.6 kJ/m2) and the elongation at break (392.4%). The former is about 1.9

and 32.5 times of that for the blend without MDI and the PLA, respectively. Moreover, the MDI results in some increase in the ten-

sile strength of the blends. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42511.

KEYWORDS: biodegradable; biopolymers and renewable polymers; blends; extrusion; polyurethanes
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INTRODUCTION

Biopolymers have been attracted much attention from both

industry and academia in recent years due to daily increased

environmental concerns and continuously reduced amount of

petroleum resources. Poly(lactic acid) (PLA), an aliphatic poly-

ester derived from 100% renewable resources such as corn and

sugar beets, is highly versatile and biodegradable.1 PLA offers a

wide range of applications, such as packaging, textile, and auto-

motive industries, as a very promising ecofriendly alternative to

traditional petroleum-based commodity polymers. Despite its

numerous advantages such as high strength and stiffness and

good optical, physical, and barrier properties, its low flexibility

(elongation at break), and impact strength significantly impede

its applications.2 Therefore, blending PLA with flexible and bio-

degradable polymers, such as poly(e-caprolactone) (PCL),3,4

poly(butylene adipate-co-terephthalate),5,6 and poly(butylene

succinate),7,8 is an effective way to toughen PLA. Thermoplastic

polyurethane (TPU) elastomer is a block copolymer consisting

of aromatic or aliphatic polyurethane “hard segments” and ali-

phatic polyester or polyether “soft segments”. TPU has a unique

combination of toughness, durability, flexibility, biocompatibil-

ity, and biostability that makes it suitable material for applica-

tions in a diverse range of implantable medical devices.9,10 TPU

has been used to successfully toughen PLA.10–13 It was demon-

strated that PLA/TPU blends exhibit remarkable increases in

their impact strengths and elongations at break. Moreover,

mechanical properties of PLA/TPU blends can be adjusted by

changing TPU content. This can broaden the application range

of PLA. More importantly, both PLA and TPU have good bio-

compatibility and so their blends can be used in biomedical

applications.

Previous researches, however, demonstrated that the tensile

strengths of PLA/TPU blends decrease with increasing TPU con-

tent due to lower yield strengths of TPU and weaker interac-

tions between PLA and TPU phases.10–13 TPU modification14 is

one of strategies for not only achieving superior toughing effect

but also avoiding significant loss in tensile strengths for PLA/

TPU blends. Very recently, chemicals containing diisocyanate

groups were used for situ reactive compatibilization in prepar-

ing PLA/TPU blends.15,16 Liu et al.15 used crosslinked polyur-

ethane (CPU) that was formed by in situ polymerization of

polyethylene glycol and polymeric methylene diphenylene

VC 2015 Wiley Periodicals, Inc.
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diisocyanate to successfully toughen PLA. The compatibility

between the PLA and TPU phases increases with increasing soft

segment length and CPU content. Dogan et al.16 used 1,4 phen-

ylene diisocyanate (PDI) to improve the compatibility of PLA

and TPU phases and so decrease the dispersed TPU phase size.

Addition of the PDI results in large increases in the tensile

strengths of the PLA/TPU (50/50) blends comparing with the

blend without the PDI. Unfortunately, the impact strengths of

the PLA/TPU blends were not investigated in their work.

Among chemicals containing diisocyanate groups, 4,4-methylene

diphenyl diisocyanate (MDI) is widely used for synthesizing

TPU,17,18 modifying PLA,19 and preparing PLA/starch blends,20

and PLA-based composites.21,22 To the best knowledge of the

authors, not much report has been published on the application

of MDI in preparing PLA/TPU blends. Moreover, not much

work has been conducted on toughened PLA systems with good

toughness–strength balance using lower contents of elastomers.

For the aforementioned reasons, this work focused on PLA/

TPU blend containing a lower content of TPU (20 wt %). The

PLA/TPU (80/20) blend is expected to exhibit a little enhanced

toughness especially impact strength. Hence, MDI was tried to

add into the blend for simultaneously improving its toughness

and strength. The effect of the MDI content on the properties

of the PLA/TPU blends, including mechanical, thermal, and

rheological properties, was investigated. Different impact

strengths for the blends with different MDI contents are

explained based on combined effects of the decreased crystallin-

ities for PLA matrix and the extended, branched and crosslinked

structure in TPU chains.

EXPERIMENTAL

Materials and Sample Preparation

The polymers used in this work were commercial PLA (grade

4032D, NatureWorks, USA) and polyester-based TPU (grade

WHT-1185, Yantai Wanhua Polyurethanes, China). The PLA has

a D-isomer content of 1.2–1.6% and a density of 1.24 g/cm3.

The TPU has a density of 1.2 g/cm3. MDI, produced by Aladdin

Industrial Corporation, China, has a melting point of 38–428C

and a boiling point of 2008C at 7 hPa.

Both PLA and TPU were dried in a vacuum oven at 808C for

24 h. Then dried PLA and TPU as well as the MDI were dry-

mixed thoroughly and directly fed into a single screw extruder

with a diameter of 45 mm for melt blending. The extruder was

equipped with a convective screw, which was demonstrated to

induce dispersive melting and chaotic mixing.23–25 The feed rate

and screw speed were set at 4 kg/h and 40 rpm, respectively.

The barrel temperatures were set at 140, 170, 180, and 1808C in

order. The ratio of the PLA to TPU in the blends was fixed at

80/20 by weight. The blend samples with addition of 0, 0.2, 0.4,

0.8, 1.2, and 1.6 wt % MDI were denoted as PT-0, PT-0.2, PT-

0.4, PT-0.8, PT-1.2, and PT-1.6, respectively. The molten blends

were collected from the die exit and immediately compression

molded into impact and tensile test samples at 20 MPa for 2

min. Moreover, the collected molten blends were quickly

quenched in iced water to keep their original phase morphology

for morphology observation and rheological tests. The samples

for the rheological tests had a thickness of �1.5 mm and a

diameter of 25 mm. For comparison, neat PLA and TPU sam-

ples were also prepared via the extruder at the same processing

conditions.

Tests and Characterization

Tensile tests were carried out using an Instron Universal Tester

(5566, Instron Corp.) with a crosshead speed of 20 mm/min at

room temperature. The notched impact tests were performed

using a pendulum impact tester (PIT501B-Z, Shenzhen Wan

Testing Lab Equipment). Five samples were used in each

mechanical test and the average value was calculated.

The blend samples were immersed in liquid nitrogen for 20

min and cryofractured along the extrusion direction. The frac-

tured samples were sputtered with gold and the fractured surfa-

ces were observed on a scanning electron microscope (SEM, FEI

Quanta 200). The mean diameter of a single droplet was calcu-

lated by averaging all of the diameters obtained from a rotation

of 58 one time with the droplet centroid as the center. The

mean droplet diameter (d) was calculated using the following

equation:

ln d5

PN
i51 ni ln di
PN

i51 ni

(1)

where di is the number of droplets with diameter of di in the

SEM micrographs, N is the number of all of the droplets in the

SEM micrographs.

Differential scanning calorimetry (DSC) measurements were

performed using a differential scanning calorimeter (Netzsch

204C) under a nitrogen atmosphere. The specimens with about

5 mg, which were sliced from the tensile test samples, were

heated from room temperature to 2008C at a heating rate of

38C/min and held there for 3 min to erase any thermal history.

Then, the specimens were cooled to 21008C with a cooling rate

of 38C/min and again heated to 2008C with a heating rate of

38C/min. The crystallinity of PLA in the blends (Xc) was esti-

mated according to the following equation:

Xc5
DHm2DHcc

Wf DH0
m

3 100% (2)

where DHm and DHcc are the enthalpies of melting and cold

crystallization during heating, respectively; DH0
m is the melting

enthalpy of 100% crystalline PLA (93.7 J/g);26 and Wf is the

weight fraction of PLA component in the blends.

Fourier transform infrared spectroscopy (FTIR) analysis and gel

fraction measurement were conducted on specimens with about

0.3 g, which were cut from the tensile test samples. The PT-0

and 0.8 specimens were put into fabric bags and extracted in

Soxhlet extractor with boiling chloroform for 24 h, respectively.

FTIR spectra were recorded for the resulting solution (PLA

phase) and dried residue (TPU phase) on a Vector 3 spectrome-

ter (Bruker) in a range of wavenumbers from 4000 to

400 cm21. The resolution and scanning time were 4 cm21 and

32, respectively. For the gel fraction measurement, each speci-

men was put into a fabric bag and extracted in Soxhlet extractor

with an excess volume of boiling oxolane for 24 h. Then the
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extracted specimens with fabric bags were vacuum-dried to a

constant weight after cleaned by the ethyl alcohol absolute and

then water. According to the weight of the insoluble portion,

the gel contents of the specimens were determined.

Rheological tests were performed on a rotational rheometer

(Bohlin Gemini 200HR, Malven Instruments) with a parallel

plate (diameter: 25 mm; gap: 1 mm). The rheological data were

determined at a frequency range of 0.01–100 rad/s and a tem-

perature of 1808C. A fixed strain of 1% was used to ensure that

the tests were carried out within the linear viscoelastic range of

the samples investigated.

RESULTS AND DISCUSSION

Mechanical Properties

The PLA sample is rigid and brittle with a tensile strength,

elongation at break and impact strength of 46.2 MPa, 12.2%

and 3.1 kJ/m2, respectively. Figure 1 shows the tensile strengths,

elongations at break, and impact strengths as a function of the

MDI content for the prepared PLA/TPU blend samples. As can

be seen, sample PT-0 exhibits an elongation at break of 139.8%

and impact strength of 54.2 kJ/m2. This indicates that a transi-

tion of the PLA from brittle to ductile fracture appears and the

PT-0 shows a significant increase in toughness comparing with

the PLA sample. However, the tensile strength of the PT-0 is

reduced by about 30% comparing with the PLA sample. With

the addition of the MDI, the elongations at break and the

impact strengths of the PLA/TPU blends keep increasing until a

MDI content of 0.8 wt % and then decrease. For sample PT-

0.8, the elongation at break and the impact strength reach

392.4% and 100.6 kJ/m2, respectively. The latter is about 1.9

and 32.5 times of that for samples PT-0 and PLA, respectively.

To the best knowledge of the authors, relevant researches were

carried out by Li et al.,10 Han et al.,11 Jaso et al.,13 and Hong

et al.,27 for toughening PLAs using TPU via melt blending.

Their results demonstrated that the impact strengths of PLA/

TPU (80/20) blends are increased by only about 40–240% com-

pared with those of corresponding PLAs. Moreover, the tensile

strengths of the blend samples keep increasing with increasing

MDI content [Figure 1(a)]. Therefore, the MDI greatly

improves the toughness of the PLA/TPU blends with some

increase in the tensile strength in this work.

Phase Morphology

To reveal the reason for the aforementioned toughness improve-

ment of the prepared PLA/TPU blend samples due to the addi-

tion of the MDI, their phase morphologies are investigated.

Figure 2 shows the SEM micrographs of cryofractured surfaces

for the six blend samples. As shown in Figure 2(a), spherical

TPU droplets with a relatively uniform size distribution are dis-

tributed in the PLA matrix for sample PT-0. The mean diameter

of the dispersed TPU droplets calculated from eq. (1) is about

0.69 lm. Clearly, gaps between some TPU droplets and the PLA

matrix appear on the fractured surfaces, as marked by circles.

Moreover, many voids exist on the fractured surfaces, which are

formed by pulling out the TPU droplets from the PLA matrix

in the cryofracturing process. The voids and gaps mean poor

compatibility between the PLA and TPU phases. As can be seen

in Figure 2(b–f), the voids and gaps also appear on the frac-

tured surfaces of the PLA/TPU blend samples with different

MDI contents, which indicates little change for the compatibil-

ity between the two components with the addition of the MDI.

The mean diameters of the dispersed TPU droplets are about

0.84, 0.99, 1.04, 1.05, and 1.04 lm for samples PT-0.2, PT-0.4,

PT-0.8, PT-1.2, and PT-1.6, respectively; that is, the diameters

of the TPU droplets are increased slightly with increasing MDI

content, the reason for which will be analyzed later. Therefore,

the improved toughness of the PLA/TPU blends with the addi-

tion of the MDI is uncorrelated with the compatibility of the

PLA and TPU phases.

Thermal Properties

Compatibility in polymer blends can be judged by observing

the shift in the glass transition temperature (Tg) of the phases

in comparison to their original values, whereas the Tg values

can be obtained by DSC measurement. So DSC measurements

are performed to determine whether the compatibility between

the PLA and TPU phases changes with the addition of the MDI

Figure 1. (a) Tensile strengths, elongations at break and (b) impact strengths vs. MDI content curves for prepared PLA/TPU blend samples.
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in this section. Figure 3 shows the curves of the second heating

run in the DSC measurements for four blend samples with dif-

ferent MDI contents. The thermal properties parameters

obtained from the DSC curves, including Tg, crystallization

temperature (Tc), lower melting temperature (Tml), higher melt-

ing temperature (Tmh), and Xc, are summarized in Table I. As

can be seen, with the addition of the MDI, the Tg values for the

PLA and TPU phases in the PLA/TPU blend samples change lit-

tle, which further confirms the aforementioned little change of

the compatibility between the PLA and TPU phases with the

addition of the MDI.

It can be seen in Figure 3 that the DSC curves for the four

blend samples exhibit double-melting peaks. The double-

melting peaks were also found by some researchers for PLA and

its blends.20,28 For example, the research of Yu et al.20 showed

that double-melting peaks appear at the DSC curves for the

PLA/cornstarch blends with the MDI added in, and it was

explained by the melting recrystallization of the PLA phase. It is

apparent in Table I that the Tml and Tmh of the four blend sam-

ples are little affected by the addition of the MDI. Moreover,

the Tc and Xc values for the blend samples are increased and

decreased with increasing MDI content, respectively. It is specu-

lated that this results from the reaction of the PLA or TPU

phase with the MDI during melt blending in the extruder,

which increases the molecular weight of the PLA or TPU phase

and so retard or hinder the crystallization in the blend samples.

Similar result was reported by Li et al.29 on the research of bio-

composites from PLA and distillers dried grains with solubles.

FTIR Spectroscopy

As mentioned above, the compatibility between the PLA and

TPU phases changes little as the MDI added in, whereas the Tc

shifts to higher values and the Xc keeps reducing with increas-

ing MDI content for the PLA/TPU blend samples. Hence, the

aforementioned toughness improvement for the blends is specu-

lated to be attributed to a reaction of PLA or TPU phase with

the MDI. To corroborate the reaction of the PLA or TPU phase

with the MDI, the FTIR spectra (400–4000 cm21) for the PLA

and TPU phases in samples PT-0 and PT-0.8 are presented in

Figure 4. It can be seen that with the addition of the MDI, no

new peaks appear at the FTIR spectra for both PLA and TPU

phases. This implies that no reaction occurs between the PLA

Figure 3. DSC thermograms of second heating run for four PLA/TPU

blend samples with different MDI contents. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. SEM micrographs of cryofractured surfaces for PLA/TPU blend

samples with (a) 0, (b) 0.2, (c) 0.4, (d) 0.8, (e) 1.2, and (f) 1.6 wt %

MDI. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table I. Thermal Properties Parameters for four PLA/TPU Blend Samples with Different MDI Contents

Sample Tg (PLA) (8C) Tg (TPU) (8C) Tc (8C) Tml (8C) Tmh (8C) Xc (%)

PT-0 56.6 279.3 101.0 147.1 155.2 8.7

PT-0.4 57.4 280.4 103.1 147.5 155.2 5.1

PT-0.8 56.9 279.5 103.5 147.1 155.1 1.1

PT-1.6 56.3 280.1 104.0 147.5 155.2 0.4
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phase and MDI, which may be attributed to a small quantity of

the terminal hydroxyl group of PLA. However, no reaction

between the TPU phase and MDI cannot be confirmed because

MDI may be used in TPU synthesization.17,18

Rheological Behavior

Rheological behavior of polymer is sensitive to change in its

molecular structure. Therefore, it can be determined whether

the reaction occurs and whether the PLA or TPU phase in the

PLA/TPU blends reacts with the MDI by comparing the

dynamic rheological behaviors of the PLA and TPU samples

without and with the addition of the MDI in this work. Figure 5

illustrates the storage modulus (G0) and complex viscosity (g*)

curves as a function of frequency (x) for the extruded PLA and

TPU samples without and with the addition of 0.8 wt % MDI

tested at 1808C. As can be clearly seen, with the addition of the

MDI, the values of the G0 and g* change little for the PLA sam-

ple and increase obviously for the TPU sample. This demon-

strates that a reaction takes place between the TPU phase and

MDI in the PLA/TPU blends.

The G0 and g* plotted as a function of x for the six PLA/TPU

blend samples with different MDI contents at 1808C are shown

in Figure 6. As a whole, the G0 and g* of the blend samples

keep increasing and more obvious shear-thinning behavior

appears at lower frequency region with increasing MDI content.

Specifically, both G0 and g* at lower frequency region exhibit

obvious increases for the sample with 0.8 wt % MDI and fur-

ther larger increases for the sample with 1.2 wt % MDI, whereas

only a little further increases for the sample with 1.6 wt %

MDI. The terminal slopes at G0 vs. x curves shown in Figure

6(a) for the blend samples are given in Table II. It is interesting

to note that the terminal slopes are reduced for the blend sam-

ples with MDI contents of 0.8, 1.2, and 1.6 wt %.

Figure 4. FTIR spectra for (a) PLA and (b) TPU phases in samples PT-0 and PT-0.8. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 5. G0 and g* vs. x curves for samples of (a) PLA and PLA with 0.8 wt % MDI and (b) TPU and TPU with 0.8 wt % MDI at 1808C. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4251142511 (5 of 9)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Figure 7 gives the Cole–Cole plots for the six PLA/TPU blend

samples tested at 1808C. It is evident from Figure 6 that two cir-

cular arcs appear at the plot for sample PT-0, which indicates

that a second relaxation mechanism appears.30 With the addi-

tion of the MDI, the arcs at the plots for the samples are broad-

ened and shift up to higher viscosity region, indicating longer

relaxation times. The upturning phenomenon at the plots

appears at higher viscosity region for sample PT-0.8 and

becomes more evident for samples PT-1.2 and PT-1.6. To quan-

titatively describe the relaxation times of the PLA/TPU blend

samples, their critical frequencies (xc) are listed in Table III.

The xc values are determined from the tan d versus x curves

for the blend samples tested at 1808C, where the tan d is

obtained by dividing loss modulus (G00) by G0. The x value cor-

responding to the point at the curve where the tan d is equal to

1 is determined as the xc value. As shown in Table III, the xc

values for the blend samples gradually decrease as the MDI con-

tent increases, which means increasing relaxation times for the

blend samples with increasing MDI content.

Possible Reactions

The reaction between the TPU and MDI is confirmed in the

above section. The research by Michell et al.17 showed that the

end diisocyanate groups in MDI can react with the hydroxyl

groups in a,x-dihydroxyl PLA macrodiol precursors and the

amidogen groups in 4,40-diaminodiphenylmethane (MDA) to

form urethane groups in novel poly(ester-urethane)s. The reac-

tion process in this work is schematically shown in Figure 8.

First, the end diisocyanate groups of the MDI react with the

end hydroxyl or amidogen groups of the TPU chains to form

extended TPU chains. Then a reaction takes place between the

end diisocyanate groups of the MDI and urethane groups in the

extended TPU chains to form allophanate groups. The second

less favorable reaction results in the formation of branched or

crosslinked structure in the TPU chains. Depending on the

aforementioned reaction process, the reaction extent can be

controlled by changing the MDI content and so various PLA/

TPU blends with different properties can be obtained.

The gel fraction measurement for the extruded six PLA/TPU

blend samples demonstrates that samples PT-1.2 and PT-1.6

exhibit 2.1 and 2.3 wt % gel contents, respectively; whereas no

gel is measured for other four samples. The aforementioned

changes in the rheological behaviors of the PLA/TPU blend

samples, including the increased G0 and g* (Figure 6), expanded

relaxation arcs (Figure 7) and increased relaxation times (Table

III) with increasing MDI content may be attributed to the reac-

tion between the TPU and MDI. The decreased terminal slopes

Figure 6. (a) G0 vs. x curves and (b) g* vs. x curves for six PLA/TPU blend samples with different MDI contents at 1808C. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Terminal Slopes at G0 vs. x Curves for Six PLA/TPU Blend Sam-

ples with Different MDI Contents

Sample PT-0 PT-0.2 PT-0.4 PT-0.8 PT-1.2 PT-1.6

Terminal
slope

0.77 0.78 0.85 0.66 0.59 0.58
Figure 7. Cole–Cole plots for six PLA/TPU blend samples with different

MDI contents at 1808C. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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at the G0 vs. x curves (Table II), more obvious shear-thinning

behavior at lower frequency region [Figure 6(b)] and upturning

phenomenon at the Cole–Cole plots at higher viscosity region

(Figure 7) may be attributed to generated branched chains or

crosslinked structure in the TPU chains.31,32 Now, combining

the aforementioned rheological behaviors and gel contents, it

can be speculated that adding the MDI extends the TPU chains

and forms branched and crosslinked structure in the TPU

chains sequentially. More specifically, with increasing MDI con-

tent, the TPU chains are extended (for samples PT-0.2 and PT-

0.4), then branched TPU chains appear (for sample PT-0.8),

and finally crosslinked structure also appears in the TPU chains

(for samples PT-1.2 and PT-1.6). The aforementioned increased

diameters of the dispersed TPU droplets from 0.69 to 1.05 lm

with increasing MDI content can be explained by the increased

melt viscosity of the TPU phase due to the generated chemical

crosslinks between the TPU chains.

Toughening Mechanism Analysis

The toughening mechanism of the TPU in the PLA/TPU blends

is analyzed as follows. The morphology around the central

region of the Izod-impacted surfaces for both samples PT-0 and

PT-0.8 is observed with SEM, and the results are shown in

Figure 9. Crazing and shear yielding are known to be two main

mechanisms of impact toughening in rubber-modified polymer

blends at ambient temperature. Obvious phase separation that

appears in Figure 9 indicates weak interactions between the

TPU domains and PLA matrix. When the hydrostatic stresses

are released, debonding is easily induced at the interfaces

between the TPU domains and PLA matrix. The stresses elon-

gate the TPU domains, the PLA matrix deforms more easily,

then shear yielding occurs. This process dissipates a great deal

of energy.33 Moreover, as already demonstrated that an opti-

mum domain size range exists for a rubber-toughened polymer

system.34,35 It was found by Bai et al.36 that an optimum

domain size range is 0.7–1.1 lm for toughening amorphous

PLLA using PCL. In this work, the TPU domain diameters in

the PLA/TPU blend samples with different MDI contents are in

the range of 0.69–1.05 lm (Figure 2), which are all in the afore-

mentioned range.

Further, different impact strengths for the PLA/TPU blend sam-

ples with different MDI contents (Figure 1b) are explained from

the following three aspects. First, the Xc values for PLA matrix

in the blends are decreased with increasing MDI content (Table

I). The increased amorphous regions in the PLA matrix can

improve its ability to absorb more energy. Second, extended

especially branched structure formed in samples PT-0.2, 0.4,

and 0.8 can strengthen the ability for the TPU domains to pre-

vent cracks from propagating and triggering pervasive multiple

crazing in the PLA matrix.37 However, the generated chemical

crosslinks between the TPU chains in samples PT-1.2 and 1.6

results in more hard segment in the TPU chains and so weaker

ability to prevent cracks from propagating and triggering perva-

sive multiple crazing in the PLA matrix. This may lower the

impact strengths for the two samples. So the combined effects

of the decreased Xc values for the PLA matrix and the extended,

branched and crosslinked structure in the TPU chains deter-

mine the impact strengths of the PLA/TPU blends with different

MDI contents. Sample PT-0.8 exhibits the highest impact

strength. Thirdly, it is evident from Figure 9 that compared

with sample PT-0, the PLA matrix exhibits more obvious and

extensive deformation and so coarse fibers are formed in PT-

0.8, which means stronger ability to dissipate impact energy in

impact tests. Moreover, the combined effects mentioned above

also increases the tensile strengths of the PLA/TPU blends to

some extent.

CONCLUSIONS

Biodegradable PLA/TPU (80/20) blends with addition of differ-

ent contents of MDI were prepared using a single screw

extruder specially designed by our laboratory. Compatibility

between the PLA and TPU phases changes little by adding the

MDI, which is confirmed by analyzing the phase morphology

and the Tg values for the PLA and TPU phases in the PLA/TPU

blends. A reaction takes place between the TPU phase and MDI

during melt blending, which is confirmed by analyzing the

dynamic rheological behaviors of the PLA and TPU without

and with the addition of the MDI and the Tc values for the

PLA/TPU blends. Further, possible reaction process is proposed

by combining the rheological behaviors and gel contents of the

PLA/TPU blends. That is, with increasing MDI content, the

TPU chains are extended, then branched TPU chains appear,

Table III. Critical Frequencies Determined from tan d vs. x Curves for

PLA/TPU Blend Samples

Sample PT-0 PT-0.2 PT-0.4 PT-0.8 PT-1.2 PT-1.6

xc (rad/s) >628 >628 515 423 403 287

Figure 8. Schematic for reactions of TPU with MDI in this work. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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and finally crosslinked structure also appears in the TPU chains.

The impact strengths of the PLA/TPU blends are determined by

combined effects of the decreased Xc values for the PLA matrix

and the extended, branched and crosslinked structure in the

TPU chains. The impact strength and the elongation at break

for the blend with 0.8 wt % MDI reach 100.6 kJ/m2 and

392.4%, respectively. The former is about 1.9 and 32.5 times of

that for the blend without MDI and the PLA, respectively.

Upon addition of the MDI, the PLA/TPU blends not only are

largely toughened but also exhibit some increase in the tensile

strength.
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