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ABSTRACT: Polylactide (PLA) was melt blended with a biodegradable hyperbranched poly(ester amide) (HBP)
to enhance its flexibility and toughness without sacrificing comprehensive performance. The advantage of using
HBP was due to its unique spherical shape, low melt viscosity, and abundant functional end groups together with
its easy access. Rheological measurement showed that blending PLA with as little as 2.5% HBP resulted in a
40% reduction of melt viscosity. The glass transition temperaffigedf PLA in the blends decreased slightly

with the increase of HBP content, indicating partial miscibility which resulted from intermolecular interactions
via H-bonding. The H-bonding involving=€0 of PLA with OH and NH of HBP was evidenced by FTIR analysis

for the first time. The HBP component, as a heterogeneous nucleating agent, accelerated the crystallization rate
of PLA. Remarkably, with the increase of HBP content, the elongation at break of PLA blends dramatically
increased without severe loss in tensile strength, even the tensile strength increased within 10% content of HBP.
The stressstrain curves and the SEM photos of impact-fractured surface showed the material changed from
brittle to ductile failure with the addition of HBP. Reasonable interfacial adhesion via H-bonding and finely
dispersed particulate structure of HBP in PLA were proposed to be responsible for the improved mechanical
properties.

1. Introduction polymers can be produced in industrial quantities at low cost

Polylactide (PLA) has been intensively studied and widely while _stiII inheriting many of the fascinating properties of
used for biomedical materials because of its high biocompat- 9€ndrimers. Therefore, hyperbranched polymers have great

ibility and good biodegradability in the human body as well as pote_ntlal fo_r awide range of _apphcanons in materials, especially
in the earth’s environmedtHowever, PLA fall short of the for |ndustr|al. use. Since highly branchgd molec.ules QO not
required properties for potential applications. Major disadvan- undergo_chaln entanglements,_they provide m_aterlals with poor
tages of PLA are its inherent brittleness and low toughfess. me_chamcal strength, as predicted by Flory in 1857hus,
Nevertheless, the flexibility and toughness of PLA can be unhl_<g linear polymers, hyperbranghed polymers rarely haye
improved by modifying its physical properties through several sufficient strength to be useful as fibers, rubbers, and p!astlcs.
approaches including copolymerization and blendings In_co_nt_r:ast, hyperbranched_ polymers have h|g_her solubility and
blending is a simpler and more economic way compared with m|SC|b_|I|ty with other matenals because of their low secondary
copolymer synthesis, much attention has been focused on thefttractive forces._ Besides, the globylar shape of hyper.bran(.:hed
blends of PLA with various polymers, for example, poly polymers results in low hydrodynamic volume and low viscosity.

(e-caprolactone, poly(ethylene glycolf, poly(propylene gly- As a result, numerous applications have been suggested for

; hyperbranched polymers, e.g., rheology modiff@rsurface
col).® poly(hydroxy butyrate},and other polymer&.Various yperoral
low molecular weight compounds and oligomers have also been modification agents? tougheners for epoxy-based composites,

: : . L . d coatindg® As early as 1990, hyperbranched polymer was
investigated as potential plasticizers for PE&lending PLA an o i b

with low molecular weight compounds can drastically lower first used as an additive by Kim and Webst&?® It was

the Ty of PLA, thus creating homogeneous and flexible demonstrayed that hyperbranched polypher!ylene could reduce
materials. However, with long-term use of the materials, the the T’?e't .V|sc03|ty for polystyrene processing. As a surface
plasticizers have a tendency to migrate to the surface, which modification agent, hyperbranched polymer had been shown to
would cause embrittiement. Furthermore. the too @méy eliminate melt fracture and sharkskin of polyethylene and
affect the processing and molding of final produtWhereas, impm:’ € the surface prppgrties of final produttshe research
when relatively high molecular weight polymers were blended of Manson’s group indicates that Boltorn hyperbranched

with PLA, the aforementioned problem could be prevented, but POIYESters can act as the outstanding tougheners in epoxy resins
the desired properties were not obtained due to their thermo-PY chemical bonds and produce desirable processing charac-

dynamically immiscibility and phase segregatiof. Even teristic, without influencing the thermomechanical property of

though the toughness increases, a drastic sacrifice of process'Ehe reS|.n systerti
ability and tensile strength would be induced. Herein, hyperbranched polymer was employed to act as
Hyperbranched polymers have received extraordinary atten-modifier to PLA. Because of the unique three-dimensional

tion in recent year&? Compared to dendrimers, hyperbranched 9lobular structure, hyperbranched polymer results in different
dispersion phase size and stereo hindrance from the linear

: G polymer. Furthermore, the abundance of hydroxyl end groups
* Corresponding author. E-mail: ysli@ciac.jl.cn. . .
t State Key Laboratory of Polymer Physics and Chemistry. attached to hyperbranched polymer may have some interactions
* Graduate School of the Chinese Academy of Sciences. with PLA, presumably via H-bonding. As suggested by the

10.1021/ma070989a CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/21/2007



6258 Lin et al. Macromolecules, Vol. 40, No. 17, 2007

5
PLA $®e<w®exwea@$@@®$$®®@®®®$$Q$®®®®e 10 E
QQQQQ
1000 %00,
] %o, o PLA
K 1 2.5%HBP . . 10*+ e 2.5% HBP
] ®eceee, E s 5.0% HBP
e | 5.0%HBP AAAAAAAAARS® = ]
?:‘ ) ..-IIIIlIIIIIIIllllllIll.-.-ifAAAAZZZZZZ. Q-(U, = 10%HBP
= 1 10%HBP === I-..__.. 4| o v 15% HBP
‘g | -, " 103_: + HBP
2 15%HBP S 273
S Vgl '8
x
9 100 20%HBP 00000000 £
g_ ] () 00000 OOOOoooooooooocooooooooooooOOO % 102_:
Q © 3
o S
HBP **‘.ft******'**t**-ﬁ****ti*****t******tﬁ***** '(75 o
" @‘fzf"
T T T T 10 4
0.1 1 10 100 T oo T
0.1 1 10 100
frequency o (rad/s)
Figure 1. Effect of HBP concentration on the complex viscosity of frequency o (rad’s)

PLA/HBP blend T = 175°C, frequency sweep 0-1100 rad/s). Figure 2. Effect of HBP concentration on the storage moduBiof

PLA/HBP blend T = 175°C, frequency sweep 0-1100 rad/s); data
literature, the H-bonding can improve interfacial adhesion of Pelow 10 Pa were omitted due to the low signal-to-noise ratio.
polymer composite¥ Thus, it is quite reasonable to expect that 2. Experimental Part

the incorporation of hyperbranched polymer into PLAmay bring  materials. The PLA used in this study was purchased from
about either improved toughness or increased strength inMitsui Chemicals (Japan) and was prepared mainly frekactic
comparison with unmodified PLA. In previous studiésye acid. The PLA exhibits a number-average molecular weityh) (
reported on the facile synthesis of hyperbranched poly(ester of 80 kDa, polydispersity index of 1.27 (SEC analysis), anta
amide)s from commercial available monomers via the one-pot @d @ melting temperatureT{) of 64.4 and 159.8°C (DSC

o . . - nalysis), respectively. The hyperbranched poly(ester amide) was
procedure. Characterization studies underlined the properties Ofgrepared according to the procedure described previdlsKor

hyperbranched poly(ester amide), such as high solubility, low convenience, hyperbranched poly(ester amide) is denoted as HBP
solution and melt viscosity, good thermal stability, and biode- in the following discussion. The HBP exhibitsh4, of 4.2 kDa,
gradability® Furthermore, the inability to crystallize of hyper-  polydispersity index of 3.01, andy of 27.2 °C. The chemical
branched polymer due to the highly branched architecture makesstructure of HBP is presented in Scheme 1. _

them more attractive. On this basis, PLA have been modified Blend Preparation. PLA was mechanically mixed with HBP

ith h b hed pol id he brittl from 2.5 to 20% (w/w). Addition of more than 20% of HBP is not
with hyperbranched poly(ester amide) to overcome the brittle- 1o a5onable considering application aspects. Prior to blending, PLA

ness and improve general performance in this paper. The tensileand HBP were dried in vacuo at 90 and&Dfor 24 h, respectively.
mechanical behavior of the blend was evaluated, and the Melt blends were prepared by using a Haake batch intensive mixer
toughening effect of the hyperbranched polymer on PLA was (Haake Rheomix 600, Germany) with a batch volume of 50 mL.
observed. H-bonding between PLA and HBP was first evidenced Polymers were mixed at a screw speed of 30 rpm for 5 min at
by FT-IR analysis. The rheological and thermal properties were =/ ¢ The torque was continuously monitored during the whole

Co mixing process. Also, the neat PLA was subjected to the mixing
studied in order to observe whether favorable effects on the yeatment so as to have the same thermal history as the blends.
processability and crystallization would accompany tough-  Characterizations. For the study of rheological behaviors, the
ness. samples were pressed into 1 mm thick plates at 180 The

Scheme 1. Chemical Structure Presentation of Hyperbranched Poly(ester amide) (HBP) Used in This Study
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Figure 5. DSC traces of PLA blended with various HBP concentra- Figure 8. Effect of HBP concentration on isothermal crystallization

tions. of PLA at 112°C.

rheological measurements were carried out on a PHYSICA MCR atmosphere. The samples were heated from 0 td°C&hd cooled
300 instrument (Stuttgart, Germany). Frequency sweep for the to 0°C at a rate of 20C/min. TheT,, and the value of fusion heat
samples was carried out under nitrogen at 1Z5using 25 mm (AHy) were taken from the second heating curve to minimize
plate-plate geometry, and the sample gap was set as 0.5 mm. Adifferent thermal history effects. The degree of crystallinity of the
strain sweep test was initially conducted to determine the linear samples were calculated from the ratio of their enthalpy of fusion
viscoelastic region of the materials. The strain and angular frequencyto the enthalpy of fusion of the PLA crystAH?n (we used a value
range used during testing were 5% and-aL00 rad/s, respectively.  of 96 J/g)!° Isothermal crystallization behaviors of PLA/HBP blends
MCR300 software was used to acquire data. were also evaluated using DSC by premelting blends at@0@r
Differential scanning calorimetry (DSC) measurements were 5 min to completely eliminate any possible crystallinity or residual
performed on a Perkin-Elmer Pyris 1 DSC instrument undeg a N stresses in the sample and then rapidly cooling to the designed
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Table 1. Thermal Parameters of PLA/HBP Blends with Various HBP Contents

HBP ratio (%) Tg(°C) Tec (°C) Tm1 (°C) Tm2 (°C) AH& (J/g) AHn? (J/9) X (%)
0 64.45 112.8 159.8 5.48 19.35 20.16
25 63.22 109.8 157.1 163.7 26.68 29.82 31.06
5.0 61.86 107.6 155.4 163.7 28.01 32.30 33.65
10 59.69 106.9 153.4 161.3 29.97 33.50 34.90
15 57.98 104.1 151.2 159.7 27.35 29.46 30.69
20 56.62 101.5 149.3 158.2 19.68 25.87 26.95

aData corrected for the percentage of PLA in the bléhiHyfor 100% crystalline PLA equals 96 J/g.

crystallization temperature and holding there for 30 min to allow calibrated with a melting point standard to G2 accuracy. In
crystallization from the quiescent melt. The temperature was rampedaddition, photographs were taken by a digital camera.
back up to 200°C with a heating rate of 10C/min to probe the Scanning electron microscopy (SEM) was observed with a XL.30
melting point after crystallization. The exothermic curves of heat ESEM FEG (FEI Co.). The phase morphology of blend was
flow as a function of time were recorded, and relative crystallinity assessed by observation of microtomed surfaces using SEM. The
was expressed as the ratio of peak areas at time to that at the engnicrotoming was carried out at room temperature using a knife.
of crystallization. Wide-angle X-ray diffraction (WAXD) experi-  To obtain a better observation of the phase structure, the microtomed
ments were carried out by the use of Rigaku D/Max-Il B X-ray surfaces were etched in methanot h atroom temperature in
diffractometer with a Cu anode (Cudk = 1.5406 A). The  order to selectively dissolve the HBP phase, rinsed with MeOH
measurements were operated at 40 kV and 20 mA frono 20° and water, followed by vacuum drying at 8G for 5 h. Then the
at a @ scan rate of £C/min. specimen was mounted on an aluminum stub using a conductive
Tensile tests were performed on a 8.9 kN, screw-driven universal paint and finally sputtered with gold prior to fractographic examina-
testing machine (Instron 1211, Canton, MA) equipped with a tion. Fracture surfaces from notched impact test samples were also
10 kN electronic load cell and mechanical grips. The tests were examined with SEM, but no etching was carried out.
conducted at room temperature using a cross-head rate of 5 mm/
min. All tests were carried out according to the ASTM standard, 3. Results and Discussion
and the data reported were the mean and standard deviation from . . . L
five determinations. Rheqloglcal _Behav_lor. During the mixing procedl_Jre, a
Infrared spectroscopic measurements were recorded with aplramanc reduction of final torque value upon incorporating HBP
Bruker Vertex 70 FTIR spectrophotometer, and 50 scans were INto PLA was observed, and the appearance of blend seems to
collected with a spectral resolution of 1 cin The 1,4-dioxane  be smoother than neat PLA. The processing aid function of HBP
solution containing the blend samples were cast onto a conventionalwas investigated further by determining the HBP concentration
KBr disk and allowed to evaporate at room temperature followed dependence of the blend viscosity. Figure 1 exhibits the complex
by vacuum drying at 50C for 24 h. The films used in this study  viscositiesy* of PLA and its HBP blends vs frequency. From
were sufficiently thin to obey the Beetambert law. ~ Figure 1, we found that a significant drop in the blend viscosity
Polar optical microscopy (POM) studies were carried out with & occyrred immediately on addition of HBP, even at levels as
Microphoto (Linkam TM 600) in conjunction with a hot stage. The low as 2.5%. In comparison with neat PLA, the complex

samples of PLA and the PLA/HBP blends were prepared by cutting viscosityz* of the blend with 2.5% HBP lowered to about 40%

small pieces from prepared films. Samples weighing 5 mg were . . .
meltedp on glass slri)deg with coverslipspto formgthing filmsg—zo of original value. Further increase of HBP led to a continuous

50 «m thick. The specimens were heated to 280on a hot stage ~ decreasey” of blends. As shown in Figure 1, the value of

and held at that temperature for 3 min and then quickly cooled to COmplex viscosity was rarely dependent on the frequency in
120°C at a rate of 40C/min. The POM observation was carried the range studied, exhibiting a Newtonian behavior of the melt.
out as soon as the sample was cooled toT20The hot stage was ~ The measured complex melt viscosities of PLA/HBP blends

Scheme 2. Schematic lllustration of Intermolecular H-Bonding between HBP and PLA
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Table 2. Fraction of the H-Bonded Carbonyl Group for PLA Blended with Various Hyperbranched Polymers with Different Compositions

free G=0 H-bonded &0
PLA/HBP v(cm) Wi (cm™1) A (%) v (cm) Wiz (cmt) Ay, (%) fp (%)
2.5/97.5 1759.6 28.1 84.2 1736.6 315 15.8 111
5.0/95 1759.2 29.0 77.5 1736.1 28.9 225 16.7
10/90 1759.3 30.1 717 1735.0 27.8 28.3 20.7
15/85 1758.7 27.2 62.0 1733.5 34.3 38.0 28.9
20/80 1758.6 24.3 53.2 1732.2 26.7 46.8 36.9

Table 3. Kinetic Crystallization Parameters of PLA with Various
HBP Concentrations at Isothermally Crystallized Temperature

behavior, the elastic part was increasing with an increase of
the HBP in the blend, especially in low frequencies. A reason

_ 1127c _ _ for this effect could be related to the molecular interaction

HBP ratio (%) N K(103min™?) ta2 (Min) between PLA and HBP, i.e., hydrogen bonding. More details

0 2.68 1.44 10.01 about it will be addressed in the following section.

2.5 2.68 1.68 9.39 Miscibility and Hydrogen Bonding. DSC was employed to

5.0 2.70 239 8.17 assess the miscibility of the polymer blend by measuring the

10 2.77 2.50 7.58 f the blend ition. Fi 5 <h th d heati

15 293 3.06 6.37 Ty of the blend composition. Figure 5 shows the second heating

20 3.20 5.67 4.49 scans of DSC thermogram for HBP, PLA, and various PLA/

HBP blends at a rate of 20C/min. Table 1 summarizes the
results obtained from this heating run for all the samples. All
blends exhibited only one singlg, which might suggest that
HBP was miscible with PLA at all concentrations. As a general
trend, theTy of the blends shifted slightly to lower temperature
with the increase of HBP content in blend, suggesting that HBP
acted as a plasticizer for PLA in a way. Different equations

were significantly lower than predicted by the additive effect
of the linear mixing rule:

M 2= b1 + O3 1)

where¢; and¢, are the weight ratio of the components 1 and ) wa
2, respectively, andj: and 7% are the viscosities of the two ~ Nave been proposed to predict variationsTgffor polymer
component$ For instance, the experimental value g of blends as a function of composition. The most popular equation

the blend with 10% HBP at 1.0 rad/s was 320 Pa s, while the IS the Fox equatioff as follows:
predicated value was 1292 Pa s. Such large reduction has already

been observed for other blent<it Several factors might be 1_ % %
responsible for the decreased melt viscosity. First, a structural Ty Ta Ty
change of the PLA matrix would be induced due to the

incorporation of HBP. It was reasonable to expect the globular- whereW is the weight fraction, whose subscripts “1” and “2”
shaped hyperbranched polymers to disrupt the copious entangleindicated polymer 1 and 2, respectively. This equation is
ments of linear chains by physically separating them. As a result, applicable to binary blend systems that are completely miscible.
introducing HBP to PLA will result in fewer entanglements. However, the observed value @f of 59.69°C (10% HBP)
Second, the free volume of the system will become larger with and 56.62°C (20% HBP) were slightly higher than that
the addition of HBP due to its abundant end groups. The free calculated from the Fox equation (calcdTyioo Her) =
volume plays a major role in the internal friction forces 56.66°C, Tg@o% Hep)= 52.00°C). The deviation from the Fox
experienced by the units involved in motion. With the increase mixing rule was thought to arise from partial miscibility of the
of free volume, the internal friction of molecules is decreased, blend system. SEM data presented later also show that HBP is
and thus the melt viscosity is markedly decreasing. Third, it only partially miscible with PLA, especially at higher concentra-
was the result of the large disparity between the intrinsic tions. Partially miscibility would suggest that there should be
viscosity of PLA and HBP. PLA has an intrinsic viscosity 20 two Ty's in these blends. However, tig attributable to HBP
times greater than that of HBP. Also, there is an inherently was not detected, maybe due to the relatively low concentration
nonlinear relationship between intrinsic and complex viscddity.  of HBP in blend and the limitations of the DSC technique. As
For example, the LyonrsTobolsky equation has an exponential we know, the DSC equipment is not sensitive to such a small
relationship between these two viscosities. Therefore, replacingenthalpy at a slow scanning rate. As a result, although all blends
just a small amount of PLA with HBP can result in large exhibited only singleTy, the blends were inferred as partially

()

reductions in complex viscosity.

It is well-known that the complex viscosity can be separated

into the storage modulu@' and the loss modulu§’.12d The
elastic part of the complex melt viscosity is represente®hy
while the viscous part is described /. PlottingG' andG"
against frequency, the decrease trend is similar to thap*¥or

miscible.

There was a great mismatch between PLA and HBP in the
terms of molecular structure and polarity. Why did the blend
exhibit partially miscibility, and did the miscibility arise from
the molecular interaction between PLA and HBP, i.e., hydrogen
bonding? We employed the FTIR technique to verify this

as shown in Figures 2 and 3. The effect of the HBP component specific interaction between polymers because of its sensitivity
on the rheological behavior of the blends can be seen well from to H-bonding formatiorf! Scheme 2 gives a schematic illustra-

a plot of G' vs G" (Figure 4), which is termed a CoteCole
plot. A Cole—Cole plot is useful for comparing the differences

tion of intermolecular H-bonding between HBP and PLA. As
shown in Scheme 2, the H-bonding involves=O groups of

in elastic and viscous properties in low frequencies, where the PLA, often regarded as H-bonding acceptor, together with OH
linear viscoelastic data are most sensitive to differences in and NH groups of HBP, usually regarded as H-bonding donor.

structure. The intersectios( = G'') determines the transition
from more viscous behavio&( < G") to more elastic behavior
(G > G"). Although the PLA and all blends exhibited a
predominantly viscous behavior at 175 rather than an elastic

The abundance of terminal OH groups of HBP provided a
favorable condition for the formation of H-bonding. Figure 6
shows scale-expanded infrared spectra recorded at room tem-
perature for pure PLA and its blends with various HBP contents.
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Figure 9. Polarized optical microscopy images of neat PLA (A, B), 10% HBP (C, D), and 20% HBP (E, F) isothermally crystallized from quiescent
melt at 120°C for 10 min (A, C, E) and 30 min (B, D, F).

All the spectra had been normalized using the area of i®C  the H-bonded fraction of the carbonyl group increased with the
stretching region (180601700 cnt?) of the samples for an easier  increasing content of HBP, as a H-bonding donor polymer. In
visualization. The intensity of the signal of the hydroxyl groups the early literaturé® H-bonding between hyperbranched polymer
(in the region 35083100 cnt?) increased gradually with the  and its blend has been discussed widely but never evidenced.
increase of HBP content. Meanwhile, two new absorption bands To our best knowledge, it is the first time to demonstrate the
centered at 1675 and 1546 chwhich were assigned to the  existence of H-bonding between hyperbranched polymer and
C=0 stretching and NH bending mode for amide group in its blend by experimental techniques.

HBP, appeared upon adding the HBP, and the intensity increased  Crystallization and Melting Behavior Analysis. Crystal-

with increasing the HBP content. Remarkably, the narrow and |ization of PLA is of great technological importance due to the
symmetrical peak centered at 1758 ¢imcharacteristic of the  mechanical properties and degradation rate imparted. Therefore,
C=0 stretching mode of ester in PLA, became broader and the influence of HBP on crystallization behavior of PLA was
eventually split into two bands, which can be fitted well to the  jhyestigated. As reflected by Figure 5, all samples showed
Gaussian function. The shoulder in the vicinity of 1734°€m  exothermic peaks attributed to the cold crystallization during
was more and more distinguishable with the increase of HBP the temperature increase of DSC scanning. The corresponding
content. Itindicated that the peak at lower frequency should be temperature is known as the cold crystallization temperature
characteristic of hydrogen-bonded carbonyl, since the hydrogen(T_). Neat PLA represented a tiny broad exothermic peak at
bond weakened the force constant 6+Q double bond. The  112°C, indicating a rather low cold crystallization capabifity.

fraction of the H-bonded carbonyl group can be calculated by However, in the case of the blend this peak was sharper and

the following equatior?? appeared at lower temperature. It suggested that the incorpora-
tion of HBP enhanced crystalline ability of PLA. As already
§C=0 — AJ1.5 3) stated, the incorporation of globular-shaped hyperbranched
b AJ15+ A polymer resulted in larger free volume of PLA chains than neat

PLA. Consequently, HBP improved the mobility of PLA
whereAs and A, are peak areas corresponding to the free and Segment, and thus the crystalline ability of PLA was enhanced.
H-bonded carbonyl groups, respectively. The conversion coef- In parallel with the shift inT¢, the T, of PLA component
ficient 1.5 is the ratio of these two bands in an ester gf8up. was also gradually shifted down with increasing the HBP
Results from curve fitting summarized in Table 2 indicated that content. Interestingly, the melting peak had a transition from
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Figure 10. SEM photos of microtomed surface of PLA/HBP blend with various PLA/HBP Welght compositions of (A) 100/0, (B) 97.5/2.5, (C)
95/5, (D) 90/10, (E) 85/15, and (F) 80/20 (magnificatis@000).

single peak to two separate peaks. The bimodal peak may be aeason. It was induced during the slow DSC scans when the
result of the polymorphic crystalline transition in view of PLA less perfect crystals had enough time to melt and reorganize
can display three different kinds of crystal modification, i.e., into crystals with higher structural perfection and remelt at
a, 3, andy.2® However, it was reported from the literature that higher temperature. A similar phenomenon was also reported
the 8 andy crystal forms can only appear for PLA upon hot by other PLA blendg&-84.19In this work, with increasing HBP
drawing to high draw ratidd2 and stroking?®® respectively. content, the peak at the lower temperature faded while the peak
Considering the form condition ¢f andy modifications, the at the higher temperature became dominant, indicating that more
crystal state we got can only leecrystal. To demonstrate it,  perfect crystals formed. Usually, imperfect crystals containing
the WAXD patterns of PLA and its HBP blends are given in cracks or microcrystals are typical of a brittle matrix, whereas
Figure 7. The characteristic reflection peaksofrystal PLA perfect crystals may contribute to the improved toughigéss.
kept almost the same position regardless of the composition Crystallinities of the blends estimated from the DSC thermo-
variations, although the intensity had some changes. Conse-grams are also presented in Table 1. From the data listed in
quently, the bimodal melting peaks must result from another Table 1, we found that the crystallinity of PLA markedly
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Figure 12. Mechanical properties of PLA with various HBP concen-
trations.

increased from 20.16% for pure PLA to 31.06% for blend with
2.5% HBP and further increased to 34.90% for blend with 10%
HBP, which was in agreement with the enhanced cold crystal-
lization capacity mentioned above. However, when 20% HBP
was incorporated, the crystallinity of PLA was decreased to
26.95%. The reason can be explained by the dilution effect of
the amorphous phase of HBP on the system.

Isothermal Crystallization Kinetics. Most PLA are finished
to final products by melt compounding in extruders or by
injection molding process; therefore, fast crystallization is a very
important property of PLA. It was addressed above that HBP
improved the crystalline ability of PLA. To further demonstrate
it, the crystallization rate of neat PLA and the blends was
investigated using isothermal crystallization kinetics. To describe
it, the classical Avrami equation was us®d:

1— X, = expCkt) @
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time by using eq 5 and applying it to the exothermic crystal-
lization peak:

7 (@Hidt) o

- (5)
/o (dH/dt) dt
In this equation, the numerator is the crystallization heat
generated up to timé and the denominator is the total heat
produced by the completion of the entire crystallization process.
Taking the double logarithm of eq 4 gives
log(—In(1 — X)) =log K + nlogt (6)
which suggests that log{n(1 — X)) vs logt should be linear,
and K and n can be calculated by fitting a line to the
experimental data. The Avrami exponent,is equal to the
growth dimensionality plus one, adis a function of growth
geometry.

The plots of log{-In(1 — X)) vs logt of PLA in the blends
with different HBP contents at 11 are plotted in Figure 8.
Each curve in Figure 8 exhibits a good linear relationship,
suggesting that the isothermal crystallization kinetics was in
good agreement with the Avrami equation, and the secondary
crystallization was not obvious. The, K, and tjpvalues
calculated from the lines are summarized in Table 3. The Avrami
exponentn varies between 2.68 and 3.20, indicating that the
crystallization mode is of three-dimensional grov&iCrystal-
lization half-life (1) is defined as the time at which 50% of
the normalized crystallinity is reached. The larger Kand
the smaller the,, the higher the crystallization rate. The data
listed in Table 3 demonstrate that the incorporation of HBP
increased the crystallization rate of PLA, which was consistent
with the depressions dfc andTg. In general, the crystallization
kinetics of semicrystalline blend depend on effects of intermo-
lecular interactions of the diluent amorphous phase and glass
transition temperature, which is related to its chain mobility.
Weak interaction and high chain mobility are favorable for the
high crystallization rat&ldIn this context, with the addition of
HBP, the chain mobility and molecular interaction were both
improved, and the two factors were competitive. From the above
result, we can deduce that the chain mobility had a greater effect
on the capacity of crystallization than the influence of H-bonding
strength in this system.

Besides the plasticizing effect, we wonder whether or not
the increased crystallization rate was related to the nucleating
effect induced by the addition of HBP. As is well-known, when
the heterogeneous nucleating agent is added to polymer, an
increase in the overall crystallization rate occurs with a reduction
of the nucleation induction period and an increase in the number
of primary nucleation site¥. From POM images in Figure 9,
we could find that neat PLA and its blends, irrespective of the
HBP content, showed a spherulitic morphology, which was
consistent with the value of Avrami exponent 3. The addition
of HBP enhanced the formation of PLA crystal nucleus. With
increasing the content of HBP, the nucleus density of crystallites
was largely increased. Furthermore, the radius of the spherulites
was dramatically reduced from more than bt to about

whereX; is the amount of crystallized material or the conversion 10xm. Small spherulites are in favor of overcoming brittleness,
degree to crystalline phasejs the Avrami exponent, and is and as a consequence, toughness can be improved.

an Avrami parameter depending on the geometry of the growing  Phase Morphology.As is well-known, phase behavior plays
crystalline phase. In this model it was assumed that the materiala vital role in mechanical behavior of polymer blends. Already
reaches 100% crystallinity. During the isothermal crystallization, the results from DSC experiment indicated the partial miscibility
heat flow (dH/dt) can be probed over crystallization time via of PLA/HBP blends. Further phase morphology studies can
DSC. One can derive the percent of ultimate crystallization vs provide the relationship of the microstructure and mechanical
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Figure 13. SEM photos of fracture surface of PLA/HBP notched-impact sample with various PLA/HBP weight compositions of (A, B) 100/0, (C,
D) 90/10, and (E, F) 80/20 (the magnifications are shown).

properties® Therefore, the detailed phase morphology of PLA/ distribution cavities, but the diameter of sphere was slightly
HBP blends was evaluated by observation of microtomed larger compared to that of panel D. Continuing to increase the
surfaces using SEM. To enhance contrast for image analysis,HBP content resulted in agglomeration of HBP domain, and
the HBP phase was removed by submerging the samples inthe size of HBP domain varied from 1 tog3n, as shown in
MeOH, a selective solvent for the HBP. Figure 10 shows typical panel F, even though the blend displayed relatively good
SEM photos of PLA/HBP blends with various compositions dispersion of the HBP phase in the PLA matrix.

(from 100/0 to 80/20). Panel A (pure PLA) shows one uniform It has already been recognized that interfacial adhesion of
phase, and the surface was smooth. It seems that panel Bolends is closely related to its miscibili#¢In our present work,
containing 2.5% HBP still displayed one phase while the phase the H-bonding of PLA and HBP increased with increasing the
surface was coarse. When 5.0% HBP was added, as seen itHBP content, indicating the increased interfacial adhesion.
panel C, a few cavities were distinguishable, suggesting that However, phase separation occurred in the blends especially
the blend was heterogeneous, and PLA formed a continuousfor those high HBP contents, as shown by the SEM photos. It
phase and HBP formed a dispersed phase. Also, when the HBRvas because that not all of the OH groups in HBP were involved
content was increased to 10%, small and uniform spherical in H-bonding between PLA and HBP. With the increase of HBP
cavities (diameter 0:60.7 um) are clearly visible (panel D).  incorporation in blend, the OH groups were prone to interact
The HBP domain had a narrow size distribution, indicating fine with themselves due to the stronger intramolecular hydrexyl
dispersion in the blend system. Panel E also exhibits narrow hydroxyl bond than the weak intermolecular hydroxgarbonyl
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bond, leading to the aggregation of HBP. As a result, the particle fracture surfaces replaced the single fracture lines. Some fibrils
diameter of HBP in blend increased with increasing HBP were discernible on the fracture surfaces. The toughening effect
content. in this case remained moderate. When HBP was increased to
Mechanical Properties and Toughening.Because of the ~ 20% (Figure 13EF; the surfaces become increasingly rough,
absence of entanglements and the lack of crystallinity, the with more thr_eads found. Furth_ermore, oval cavities were V|S|_ble
material obtained from neat HBP is very weak, breaks easily, @nd the matrix around the cavity underwent some deformation,
and exhibits no tensile strength. Despite this fact, the mechanicalinducing a favorable toughening effect. These cavities were
properties of the blends provide desirable results. The stress formed during impact when the stress was higher than the
strain dependence for the blend is plotted in Figure 11, and thePonding strength at the interface between the PLA matrix and
average values of the tensile stress and elongation at break ar&!BP inclusions. With the debonding progress, PLA matrix
plotted in Figure 12. As shown in Figures 11 and 12, the neat Petween HBP particles deformed more easily to achieve the
PLA displayed no yield point, and its strain at break was only Shear yielding and thus thoughen.
about 3.7%. On the contrary, the blends with more than 10% Itis well recognized that a strong interfacial adhesion usually
HBP content showed distinct yielding and stable neck growth results in low toughness as it does not allow the stress to be
through cold drawing. Tensile stresstrain curves indicated relieved via interfacial debonding. However, low interfacial
that fracture behavior of the specimen displayed a transition adhesion inducing immiscibility or totally phase segregation is
from brittle fracture to ductile fracture. Take the blend with HBP not favor for the tensile strength. In this work, improved
of 20% as an example; the elongation at break reached 50% toughness was achieved, and at the same time, the tensile
increasing by 10 times over that of neat PLA, while the yielding strength was not detrimentally compromised. Accordingly, we
strength was 48.4 MPa, a slightly lower than neat PLA. Usually, believe that an ideally good interfacial adhesion via hydrogen
toughening of a matrix material is accompanied by a drastic bonding between PLA and HBP is obtained, so that a good
reduction in strength. However, the unique phenomenon of balance of the mechanical properties of the blend is achieved.
increased toughness with improved strength at some HBP
contents was observed in this work. It has been demonstrated?. Conclusions
the formation of H-bonding between HBP and PLA in the above  The aim of this study was to obtain a plasticizing or

text. As is well-known, the H-bonding can enhance interfacial 14,ghening effect of PLA without sacrificing the processability,
adhesion of polymer blends and improve the mechanical \hermal properties, and mechanical strength. It was achieved
property:® In this context, the H-bonding increased with .\ sing hyperbranched poly(ester amide) as modifier. The
increasing HBP content. However, the yielding strength did not offact of hyperbranched polymer as a processing aid on PLA
increase continuously with the increase of HBP content. It was 45 visible from the rheological measurement. It showed that
because HBP had a lower m_odulus and tensile strength tha”adding a small amount of HBP (2.5%) resulted in a dramatic
PLA. When HBP content was increased beyond 5%, the stereoreqyction of the complex viscosity of PLA. The slight depression
hindrance and d|Iut|'on effects of inhomogeneous cpmponent of Ty with the increase of HBP content indicated partial
HBP became dominant and suppressed H-bonding effect; miscipility of the blend system, which was resulted from the
consequently, tensile strength deteriorated. This result alsoH-bonding between carbonyl of PLA with hydroxyl and amine
coincided with the tendency of crystallinity, which firstincreased 4 ygp. Meanwhile, the HBP component acted as a heteroge-
and Fhen decreased. In a word, all the dlffer.ent contributions t0 nequs nucleating agent and improved the crystallization capabil-
tensile strength summed together explained well why an iy of p A. Remarkably, with the addition of HBP, the failure
optimum in tensile strength was observed using middle con- noqe changed from brittle fracture of the neat PLA to ductile
centration of HBP. fracture of the blend as demonstrated by tensile test and fracture
Toughness implies energy absorption and can be achievedsurface microgram. The elongation at break of the blend was
through addition of a second phase in the form of particles. improved by more than 10 times compared to the neat PLA,
The phase-separated particles, especially after the cavitationusing 20 wt % HBP. Surprisingly, the blend showed increased
process, induce large stress concentrations which lead toyielding strength within 10% content of HBP. The H-bonding
extensive shear deformation, a high-energy-absorbing mecha-and increased crystallinity were considered to be responsible
nism?8 The toughening effect of particles depends on their size, for the enhanced yielding strength. HBP modifier, forming a
distribution, and particle/matrix interactiéf.In the current finely dispersed particulate structure in PLA, functioned as stress
work, when the HBP was added in small content, the blend concentrators undergo cavitation via debonding. The moderate
was initially miscible and did not phase separate. In this case, interfacial bonding was involved in the toughening of the blend.
the HBP acted as plasticizers. With increasing its content, HBP In summary, the hyperbranched poly(ester amide) did afford
displayed finely dispersed particulate structure in PLA and an advantage in processability and thermal and mechanical
toughening effect resulted. The size of HBP dispersed phaseproperties of PLA. To our best knowledge, until now, no other
became larger as increasing the HBP concentration; howevermodifier for PLA could meet the challenge of property
it still remained in the range of most efficient particle diameters improvement without drastic loss of the general performance.
for dispersed phase toughened composites, which was reportedVe believe it helpful for developing high-performance PLA.
to range between 500 nm and Afh.2°
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