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Plasticization of Poly( L-lactide) with Poly(propylene glycol)
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A new plasticizer for poly(-lactide) (PLA)-poly(propylene glycol) (PPG) is proposed. The advantage of using
PPG is that it does not crystallize, has low glass transition temperature, and is miscible with PLA. PLA was
plasticized with PPGs with nomin&,, of 425 and 1000 g/mol. Poly(ethylene glycol) (PEG), long known as a
plasticizer for PLA, with nominaM,, of 600 g/mol, was also used to plasticize PLA for comparison. The thermal
and tensile properties of PLA and PLA with-32.5 wt % of the plasticizers were studied. In blends of PLA with
PPGs the glass transition temperature was lower than that of neat PLA. Both PPGs enhanced the crystallizability
of PLA albeit less than PEG. All of the plasticizers increased also the ability of PLA to plastic deformation
which was reflected in a decrease of yield stress and in an increase of elongation at break. The effect was enhanced
by the higher PPG content and also by lower molecular weight of PPG. A phase separation occurred only in the
blend containing 12.5 wt % of PPG with higher molecular weight. The evidences of crazing were found in deformed
samples of PLA with low plasticizer content, whereas the samples with higher content of plasticizers crystallized
due to deformation.

Introduction underwent phase separation before either constituent crystallized,
whereas blends with 20% of this plasticizer followed the process
Poly(lactide), a biodegradable polymer which can also be of PEG crystallization from the homogeneous bléh@ihe PEG
produced from annually renewable resources, has gainedrich phase was also found in PLA with 20% of PEG having a
recently a growing attentioh. molecular weight of 1000 g/méF. Separation of PEG increases
The chiral center in the structure allows the enantiomeric stiffness and decreases an elongation to fracture of plasticized
compositions of poly(lactide) to vary. Although both optically PLA.
pure poly(-lactide) (PLA) and polyg-lactide) are the crystal- Cold crystallization of PLA reduces the ability of PLA
lizable polymers, dimers of different chirality in the polymer blended with PEG to plastic deformatiéhOn the other hand,
chain lower its ability to crystallizé.Poly(lactide)s could be  blends containing 10 wt % of PEG with relatively low molecular
quenched below the glass transition temperature without crystal-weight of 406-750 g/mol crystallize during deformatidh.
lization and crystallize during subsequent heafihg contrast, The search for new plasticizers drove us toward other
PLA and polyp-lactide) cocrystallize into a stereocomplex polyglycols. Good candidates appeared to be oligomers and
which melts at a temperature higher than that of crystals of both polymers of propylene glycol.
enantiomers. Poly(propylene glycol)s (PPGs) are viscous liquids with a
Below glass transition temperaturg), in the range of 56 molecular weight of 1564000 g/mol andly of —60 to —75
60 °C, amorphous PLA is rigid and brittle having the elastic °C17 They can be supercooled to the glassy state without
modulus about 33.5 GPa and low ability to plastic deforma-  crystallization. A lowT, and an inability to crystallize make
tion. Crystallinity, if developed, increases slightly the modulus them attractive potential plasticizers for PLA; however, their
of elasticity and further decreases drawabitifoly(3-methyl- miscibility with PLA is unknown. In the past, PPGs were
1,4-dioxan-2-onej, poly(ethylene oxidej,citrate ester§? tri- blended with another biodegradable polymer, poly(3-hydroxy-
acetine’ and poly(ethylene glycol)s (PEG8)'*were found to  butyrate}-poly(3-hydroxyvalerate), but immiscibility was four.
be efficient plasticizers for PLA. The transition from brittle to  In this paper, we attempt to plasticize PLA by blending with
ductile behavior in the plasticized polylactide occurs wfign PPGs and to study the structure and the thermal and mechanical
is shifted to 35°C. Recent studies of PLA plasticized with PEGs  properties of plasticized PLA. We also intended to compare the
have demonstrated an increase in the efficiency of plasticization properties of PLA plasticized with PPGs with those of the same
with a decrease of PEG molecular weight resulting from PLA plasticized with PEG with a molecular weight similar to
increased miscibility with PLA and more efficient reduction of that of one of the PPGs.
Ty The cold-crystallization temperature of PLA is also shifted
down in parallel with the shift ig.22 The plasticization effect
is enhanced by PEG higher content; however, blends of PLA

with PEG undergo phase separa_ltlon at a certain PEG content, The study utilized PLA (HM1) manufactured by Hycail BV (The
dependent on its molecular weight. Blends of PLA of 10w netheriands), with a residual lactide content of 0.5%, according to the
stereoregularity with 30 wt % of PEG having molecular weight roqycer, with a DLA content of 6.2% as determined by the specific
of 8000 g/mol are unstable due to slow crystallization of PEG gptical rotation measuremeltandM,, of 108 kg/mol,My/M, = 1.6

that depletes the amorphous phase of the plasti¢tzZgiends as determined by a GPC method in methylene chloride. Two PPGs
of PLA of high stereoregularity with 30% of the same PEG with nominalM,, equal to 425 g/mol (PPG4) and to 1000 g/mol (PPG1),
purchased from Sigma-Aldrich, were used as plasticizers. PEG with
* Corresponding author. E-mail: epiorkow@bilbo.cbmm.lodz.pl. nominalM,, of 600 g/mol (PEG6), purchased from Loba-Chemie, was
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also applied to plasticize PLA for comparison. MALDI time-of-flight 0.0

(MTOF) method applied in the same way as in ref 14 enabled us to X PLA
establish thaiM,, and M./M, were equal to 530 g/mol and 1.03 for

PPG4 and 1123 g/mol and 1.05 for PPG®A, and M./M, of PEG6 PLAIPPGA-7.5
were 578 g/mol and 1.08, respectivéyT hese values are close to those 051

specified by suppliers. Molecular weight of PEG6 is also close to that PLAPPG4-10

of PPG4, so their activities as plasticizers can be compdrgdof
PPG4 and PPG1 were a{72 and—70 °C, respectively, as measured

by a DSC method during heating at 10 K/min. PEG6 exhibited only
melting with a peak temperature at 20.

Prior to blending, the polymers were vacuum-dried at 40Gor 4 PLAPEG6-7.5
h. Melt-blends containing 5, 7.5, 10, and 12.5 wt % of plasticizers 15 'M

.

PLA/PPG1-7.5
-1.0 1

J

PLA/PPG1-10

HEAT FLOW [W/g]

were prepared using a Brabender mixer operating at°®@or 20 PLAPEG6-10
min at 60 rpm, under the flow of dry gaseous nitrogen. Neat PLA was
also processed in the same way in order to obtain a reference material. 2.0 A— T . . .

The blends will be referred to through the paper as PLA/PPG4, PLA/ 0 40 80 120 160
PPG1, and PLA/PEG6 with a number indicating percentage of

0,
plasticizer, for instance, PLA/PPG4-5 for the blend of PLA with 5 wt TEMPERATURE [C]
% of PPGA4. Figure 1. DSC thermograms recorded during heating at the rate of
10 K/min for neat PLA and the blends of PLA with 7.5 and 10 wt %
of PPG4, PPG1, and PEG6. Thermograms shifted vertically.

Differential scanning calorimetry (DSC) was carried out with a TA
Instrument 2920 DSC. Specimens of neat PLA and all of the blends

weighing 10-12 mg were heated and cooled at the rate of 10 K/min. 0.0
All of the materials were amorphous after the processing. Cooling at
the rate of 10 K/min was sufficiently fast to prevent PLA crystallization = w;
in all of the systems studied. According to the above findings;-0.4 S 05
0.5 and 1 mm thick entirely amorphous films of PLA and plasticized g Mg,"
PLA were prepared by compression molding at 280for 3 min in a 9
hydraulic hot press followed by quenching between thick metal blocks LI—L -1.0 4
kept at room temperature. Care was taken to ensure the same thermal g PLAPEGEA2S
history of all films. All materials and molded films were then stored T
in dry atmosphere in desiccators at ambient temperature. -1.5 4

Samples of the films were heated in the DSC at 10 K/riiys. of —
all of the materials were measured as the temperature corresponding -80 40 0 40 80 120 160
to the midpoint of the heat capacity increment. The crystallinity level TEMPERATURE [°C]

was calculated based on the enthalpy of crystallization and/or meltin
Py Y 9 Figure 2. DSC thermograms recorded during heating at the rate of

assuming the enthalpy of fusion of 106 ¥¢n addition, measurements 10 K/min for PLA blends with 12.5 wt % and of PPG4. PPG1. and
at the heating rate of 1 K/min, amplitude 0.106 K, and frequency 1/40 pgGg. Thermograms shifted vertically. ’ '

Hz were conducted in a TA Instruments Modulated DSC 2920 (MDSC).
Dynamic mechanical properties were measured in the three point Results
bending mode in a DMTA MKk Ill, Rheometric Scientific Ltd. apparatus
at the frequency of 1 Hz, at the heating rate of 2 K/min, on rectangular ~ DSC and MDSC. Exemplary heating thermograms of the
samples, 14 mnx 32 mm, cut from 1 mm thick films. films of PLA and plasticized PLA are collected in Figures 1
Oar-shaped specimens, conforming to ASTMD639, with 9.53 mm and 2. The plasticizers decreasgglfrom about 55.7°C for
gauge length, and width of 3.18 mm, were cut from 0.5 mm thick films neat PLA to 43-45, 38-39, 31-34, and 2732 for the blends
for tensile tests which were performed on an Instron tensile testing with 5, 7.5, 10, and 12.5 wt % of plasticizers, respectively, as
machine at the rate of 0.5 mm/min, in a temperature chamber with is listed in Table 1Ty of PLA/PPG4 and PLA/PEG6 blends
circulating air, at 25C. At least three samples of each type were drawn was similar and lower thafiy of PLA/PPG1 blends with the
to fracture. To study the effect of elongation on thermal behavior, corresponding plasticizer content. The glass transition of the
additional specimens were drawn to the predetermined strain; blendsblends with 10 wt % of plasticizers began at about °Z)
with the plasticizer content of 7.5 wt % to 100%, and blends with the whereas an increase of the plasticizer content to 12.5 wt %

plasticizer contents of 10 and 12.5 wt % to 100% and 400%. decreased the onset of the transition even further. A trace of
Both, DMTA measurements and Instron tests were performed on the second glass transition, aroun@7 °C, was detected only
specimens cut from freshly molded films 1 day before the tests. in the PLA/PPG1-12.5 blend. All of the blends exhibited single

The gauge region of deformed samples was examined under aglass transitions. No separate melting of PEG6 crystals was
polarized light microscope with crossed polarizers, rotated Bywith found in the PLA/PEG6 blends.
respect to the drawing direction. Above the glass transition, only traces of crystallization, at
Specimens cut from the gauge regions of selected samples werel19 °C, and subsequent melting, at 13@, were detected on
studied in the DSC, at the heating rate of 10 K/min. The fracture the thermogram of neat PLA; the enthalpy of each transition
surfaces of all materials were studied under a JEOL 5500LV scanning Was equal to 0.1 J/g only. With the increase of plasticizer content
electron microscope (SEM). To have an insight into blend morphology in @ blend, the crystallization peak temperature decreased,
prior to deformation, 0.40.5 mm thick films of the blends with 10  although not below 104C, and the crystallization enthalpy
and 12.5 wt % of PPG1 and also films of the blends with 12.5 wt % increased, at best to—8 J/g. The melting temperature also
of PPG4 and PEG6 were submerged in liquid nitrogen and broken; decreased but remained above T&) In the PLA/PEG6-10
the fracture surfaces were studied under the SEM. Prior to the SEM blend, the crystallization peak, centered at 11@, was
examination all surfaces were sputtered with gold. associated with the larger enthalpy of 5 J/g. The PLA/PESB—V
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Figure 3. MDSC thermograms recorded during heating at the rate
of 1 K/min for: PLA, PLA with 5, 7.5, 10, and 12.5 wt % of PPG4.
Total heat flow, continuous line; reversing heat flow, dashed line.
Thermograms shifted vertically.
Table 1. T, Measured by a DSC Method, and Temperature of log 7'0 _3'0 1'0 5'0 9'0
E' Peak (Tg) and tan 6 Peak (Ts) for Neat PLA and Plasticized
PLA TEMPERATURE [°C]
plasticizer Figure 4. Temperature dependence of dynamic mechanical proper-
plasticizer content Ty, DSC Te Ts ties of P.LA'and PI'_A/PPQ4 blends: log E' (A) and tan ¢ (B), PPG4
type [t %] °C] °C] °C] content indicated in the figure.
'F‘f;& go ii'; 22'? gig lization temperature decreased with the increase of plasticizer
7:5 38:5 41:7 51:6 content. The PLA/PEG6 blends crystallized at the lowest
10.0 o 50 g temperature, and the.peaks were shgrper thgn those recorded
125 26.8 304 427 for PLA/PPG blends Wlth a corresponding plqst!zer content. This
PPG1 50 448 476 574 result is consistent with the DSC results pointing out that both
75 39.0 24.0 53.9 PPGs accelerated crystallization of PLA less efficiently than
10.0 34.0 1.4 523 PEG6. The crystallization enthalpy of blends was about 22
125 320 39.5 50.4 23 J/g, which corresponds to the crystallinity level of 21%. The
PEG6 5.0 42.8 46.5 55.4 melting enthalpy of the blends exceeded slightly, by21)/g,
75 37.8 41.0 50.9 the crystallization enthalpy, especially for the blends with a
10.0 31.3 352 46.5 higher content of the plasticizer. The PLA melting behavior in
12.5 28.0 28.0 43.6 blends changed with an increase of the plasticizer content in a

similar way independently of a plasticizer type. In addition to
the main melting peaks at 13339°C, low-temperature melting
12.5 blend was exceptional: the pronounced crystallization peak peaks appeared on the total heat thermograms. With an increase
at 92°C and two melting peaks, at 124 and 133, were of the plasticizer content, those peaks diminished and shifted
recorded for this blend; the crystallization enthalpy and corre- to even lower temperature, whereas flat and broad endothermic
sponding melting enthalpy were equal to 25 J/g. peaks appeared on the reversing heat flow thermograms (Figure
The effect of both PPGs on cold crystallization behavior of 3). Thus, PLA crystals in the blends with a higher plasticizer
PLA was weaker than that of PEG6 despite a similar influence content, formed at lower temperature, exhibited a decreased
of PPG4 and PEGS6 on glass transition; however, more detailedstability and underwent reorganization during heating, beginning
studies are required to explain this difference. with about 100°C. This could contribute also to the excess of

T, values measured from the MDSC reversing signal (Figure melting enthalpy over the crystallization enthalpy estimated from
3) although slightly diverged from those obtained from ordinary a total heat flow.
DSC measurements due to different thermal conditions of DMTA . Figures 4 and 5 show temperature dependencies of
measurements exhibited the same tendency: all of the plasticiz-the loss modulug” and tand for PLA/PPG4 and PLA/PPG1
ers efficiently decrease®y and the decrease was enhanced by blends; PLA/PEG6 blends behaved in a similar way. The glass
a higher plasticizer content. For the same content of a plasticizer,transition reflected in th&" peaks and ta peaks is clearly
Ty values were similar for PLA/PPG4 and PLA/PEG6 blends, visible for all of the materials studied. The temperatures of both
whereas they were higher for the PLA/PPG1 blends. The slower peaks, shown in Figure 6 and listed in Table 1, decreased with
heating rate employed in the MDSC experiment enhanced thethe increase of plasticizer content for all of the plasticizers used,
crystallization of PLA. The total heat flow thermogram of neat although less for PPG1. The temperatures of theHOgeak
PLA exhibited a rather broad and flat crystallization peak exceeded by few degrees tiigvalues determined from DSC;
centered around 11°C followed by a sharper melting peak at it is known that 1 Hz DMTA data may correspond to a DSC
138°C; the transitions were associated with the enthalpy of 8 heating rate in the 2640 K/min range?! The temperatures of
J/g. For the plasticized PLA, pronounced crystallization peaks log E" peaks and tail peaks recorded for the PLA/ PEG6 and
were observed on the total heat thermograms and the crystal-PLA/PPG4 blends were nearly equal and lower than tPBBQ/
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Figure 5. Temperature dependence of dynamic mechanical proper-
ties of PLA and PLA/PPG1 blends: log E' (A) and tan ¢ (B). PPG1
content indicated in the figure.

STRESS [MPa]

70
STRAIN
° Figure 7. Examples of stress—strain dependencies for neat PLA and
g p P!
604 , PLA plasticized with 5 and 7.5 wt % of PPG4, PPG1, and PEG6 (A)
; . and for PLA plasticized with 10 and 12.5 wt % of PPG4, PPG1, and
] M PEG6 (B).
- v
03 8 v ¢ ' Table 2. Tensile Properties of Neat PLA and Plasticized PLA
- . . .
404 o PPG4,logE" 8 v v plasticizer yield stress elongation
v Iz:g;- "l’g FE o plasticizer ~ content stress at break at break
=] , log "
301 ¢ PPG4 tans ° type [wt %] [MPa] [MPa] [m/m]
o
v PPG1 tand none 0 414+15 255+£04 0.64+042
o L PEGS, tan 5 PPG4 5.0 313+12 207+09 0.19+0.08
0 5 10 15 75 290+21 17.7+29 1.07+0.50
o 10.0 1744+20 21.0+£15 5.24+0.66
PLASTICIZER CONTENT [wt%] 12.5 6.0+04 21.0+14 7.02+0.31
Figure 6. Temperature of log E' (empty symbols) and tan d peaks PPG1 5.0 323+18 222415 0.44+0.03
and PEGS6 vs plasticizer content. 10.0 231409 228428 473+ 1.11
measured for the PLA/PPG1 blends with a corresponding PEGE 12'2 ;gé i 1'2 i;g i ;2 3'23 i g';g

plasticizer content. Only a trace of a low-temperature peak
appeared at about72 °C on the logE" plot recorded for the 18'3 i?; i (1)3 gg i i; 2'22 i g'ig
PLNPRGl-lZ.S bl_end as it showr_1 in the insert in Figure 5. 125 54108 197414 6224075
Tensile Properties. Stress-strain dependencies for the
materials studied are plotted in Figure 7, panels a and b, whereas
the average values of the yield stress, elongation, and stress a0 and 12.5 wt % of plasticizers resulted from the strain
break are collected in Table 2 and shown in Figure 8. Neat PLA hardening, clearly visible in the respective stresgain de-
yielded at the deformation of about 5% and the stress of 41 pendencies. The appearance of strain hardening is an indisput-
MPa and exhibited some ability to plastic flow; the average able sign of very significant plastic deformation of the amor-
elongation and stress at break were around 64% and 26 MPaphous phase and straining of the chain entanglement network.
respectively. Beyond a yield, the stress dropped again before itThe presence of strain hardening indicates a very intense
leveled off, as it is illustrated in Figure 7a. The yield stress of plasticizing effect of PPGs and increased segmental mobility
all of the blends was lower than that of neat PLA. The elongation of PLA chains.
at break exceeded that of neat PLA beginning with the plasticizer The elongation at break of all of the blends increased with
content of 7.5 wt % and reached 50000% for the plasticizer  the plasticizer content. The PLA/PPG4-5 and PLA/PPG4-7.5
content of 12.5 wt %. The stress at break of the blends, in the blends exhibited rather small elongation at break. On the
range of 17.522.8 MPa, was generally lower than that of neat contrary, the PLA/PPG4-10 and PLA/PPG4-12.5 fractured at
PLA, 25.5 MPa; its relatively high values for the blends with elongation of approximately 500 and 700%, respectiv&%v
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Figure 8. Yield stress and stress at break (A) and elongation at break
(B) of neat PLA and PLA plasticized with PPG4, PPG1, and PEG6
vs plasticizer content.

exceeding those of the other blends with a corresponding
plasticizer content. The increase of PEG6 and PPG4 content
from 10 to 12.5 wt % resulted in a change of behavior; a double
yield of unknown origin appeared on strestrain dependencies,

as it is illustrated in Figure 7b.

Polarized Light Microscopy of Deformed Samplesin the
micrographs of PLA and PLA/PPG4-5 specimens strained to
fracture, shown in Figure 9, panels a and b, a relatively uniform
distribution of whitened craze zones is visible. Crazes were e
already visible in neat PLA specimens at yield; however, a neck
was formed after the second drop of stress visible in Figure 7a.
The specimen of PLA/PPG4-7.5 (Figure 9c) revealed cavities
elongated perpendicularly to the drawing direction, whereas
PLA/PPG4-10 and PLA/PPG4-12.5 (Figure 9, panels d and e)
showed uniform brightening. These features are also typical of
the PLA/PPG]' and PLA/PEG6 blends. The ngcklng was Figure 9. Polarized light micrographs of the gauge regions of
observed during deformation of all of the blends with 10 wt %  specimens strained to fracture: neat PLA (A), PLAIPPG4-5 (B), PLA/
of plasticizers and also the PLA/PPG1-12.5 blend. In the PLA/ PPG4-7.5 (C), PLA/PPG4-10 (D), PLA/PPG4-12.5 (E). Crossed
PEG4-12.5 and PLA/PEG6-12.5 specimens, the deformation polarizers. Drawing direction, horizontal.
began within the gauge but then spread over the entire portion
of the sample between the grips. The gauge regions of specimen . .
of neat PLA with 5 and 7.5 wt % of plasticizers exhibited some On ‘h? contrary, a Iargg amount of plastically deformed _matenal
stress-whitening due to cavitation. The specimens of blends with Vs Visible on the entire fracture surfaces of the specimens of

higher plasticizer content became less transparent but no stressE)!-A_/PPGA"lo (Figure 11c) _and PLA/PPG4-12.5 (not shown).
whitening was observed in unpolarized illumination indicating S'™Milar features were found in the blends with PEG6 and PPG1

that no light scattering cavities were formed. except that plastically deformed polymer was also visible on
SEM. The structure of the blend films fractured in liquid the fracture surfaces of blends with 7.5 wt % of these plasticizers
nitrogen is demonstrated in Figure 10. The PLA/PPG1-12.5 (Figure 12a). In the specimen of the PLA/PPG1-12.5 blend,
blend reveals emptied voids of submicron size where PPG1 hasStrained to fracture, in addition to intense plastic deformation,
been accumulated during phase separation. Surfaces of PLANISIDIE in Figure 12b, cavities of about 02m size were
PPG1-10 and PLA/PPG4-12.5 blends (Figure 10, panels a angdétécted, shown in Figure 12c. Such cavities were not found
c) and also PLA/PEG6-12.5 blends (not shown) revealed only On the fracture surfaces of the other blends.
features typical of brittle fracture of a glassy polymer, without ~ DSC of Deformed SamplesHeating scans, at the rate of 10
any evidences of heterogeneities. Typical micrographs of the K/min, of the samples cut from gauge regions of the specimens,
fracture surfaces of drawn specimens are shown in Figures 11differed from the scans of the respective films prior to
and 12. The SEM studies of PLA, PLA/PPG4-5 (Figure 11, deformation, as it is shown in Figure 13. On each thermogram,
panels a and b), and PLA/PPG4-7.5 (not shown) revealed ratherthe pronounced glass transition associated with a very intense
brittle fracture surfaces with little plastic deformation and a few enthalpy relaxation, a cold-crystallization peak, and, at higher
long threads of a deformed material occasionally discernible. temperature, a single melting peak was observed. CDV
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Figure 12. SEM micrographs of fracture surfaces of tensile speci-
mens deformed to fracture: PLA/PPG1-7.5 (A) and PLA/PPG1-12.5

(B and C).
0
: PLA
T 5 Shm 88 e 12%, 100% PLA/PPG4
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Figure 10. SEM micrographs of fracture surfaces of the blends: PLA -1 '2%;100% / \
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Figure 13. DSC heating thermograms recorded at the rate of 10
K/min for tensile specimens of neat PLA deformed to fracture (solid
line) and specimens of plasticized with 7.5—12.5 wt % of PPG4
(dashed line), and PEG6 (dotted-dashed line) deformed to 100 and
400%. Plasticizer content and strain indicated in the Figure. Ther-
mograms shifted vertically.

w— — transitions was about 0.5 J/g. The effect was stronger in the
Figure 11. SEM micrographs of fracture surfaces of tensile speci- blends with 5 wt % of plasticizers despite smaller elongation

e dféo(rged to fracture: neat PLA (A), PLA/PPG4-5 (B), and PLA/ at break. The crystallization temperature decreased 084

°C; however, the melting temperature decreased only by 1 K.

The crystallization enthalpy and the melting enthalpy increased
The crystallization of neat PLA after deformation to fracture up to 3 J/g.

was slightly enhanced; the flat and broad exotherm, was With the increase of plasticizer content, hence also the

followed by melting peak at 132C; the enthalpy of both  elongation at break, the crystallization peaks shifted temCDV
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°C. The melting enthalpy associated with peaks centered atand PEG6 had practically the same effect on the glass transition.
127—131°C exceeded significantly the crystallization enthalpy This is of importance because the thermal crystallization has a
which indicated that the specimens with a higher plasticizer negative effect on the drawability of plasticized PLA.

content crystallized during deformation. The crystallization  Both the crystallization and melting behavior of the materials
continued in the DSC but at a lower temperature than the cold sydied depended on their composition but also on the heating
crystallization in the same materials prior to deformation. Figure (5te. The additional melting peaks appearing on DSC thermo-
13 shows thermograms of the PLA/PPG4 and PLA/PEG6 grams of plasticized PLA were already explained by others as
specimens strained to 100 and 400%. PLA/PPG1 blends (notyg|ated to the reorganization of the crystal structufee MDSC
shown) behaved similarly. The cold-crystallization temperature heating scans carried out in the present study confirmed the

of samples strained to the same elongation decreased with th§;me|iae reorganization in the plasticized PLA reflected in the
increase of plasticizer content, although was higher for samples),pgc reversing signal

strained to 100%. Crystallization temperature was always the
lowest for PLA/PEG6 blends.

The precise determination of the crystallization enthalpy o
strained samples encounters difficulties due to shapes o

The plasticizers enhancing the segmental mobility of PLA
f chains increased the ability of amorphous PLA to the plastic
fdeformation, decreasing the yield stress and increasing the

thermograms abov&,. However, the DSC data show that for elongation at break, the latter beginning with the plasticizer
samples strained tc? 100% the enthalpy increased with theconcentration of 7.5 wt %. The sign of increased segmental

plasticizer content, whereas for samples strained to 400%, it mobility and straining the network of chain entanglements is a

was at the same level for the plasticizer content of 10 and 12,5 Strain hardening stage achieved in tensile drawing. In PLA and
Wit %. in the blends with 5 wt % of plasticizers, where fhgwas still

The excess of melting enthalpy over the crystallization well abpve room temperature, the plastic deformation was due
enthalpy, corresponding to crystallinity developed during draw- O crazing, similarly as in other glassy polymers, including neat
ing, depended primarily on elongation, being below 8J/g and PLA and PLA plasticized with 5 wt % of PE&.The increase
in the range of 1215J/g, for samples strained to 100 and 400%, Of chain mobility due to plasticizers decreases obviously the
respectively. For specimens with the same elongation this Stress required for craze initiation and growth which was
enthalpy excess increased with the plasticizer content, being'eflected in a lower yield stress and craze flow stress.

the largest for PLA/PPG6 blends. Neat PLA and the blends with 5 wt % of plasticizers strained
to fracture exhibited increased ability to crystallize due to
Discussion and Conclusions macromolecule orientation within craze tufts. Beginning with

7.5 wt % of PPGs and PEGS6, the blends crystallized during
Both the DSC and DMTA data for PLA plasticized with PPGs  deformation, similarly as was reported for PLA plasticized with
show clearly a decrease Gfy due to enhanced segmental 10wt % of PEGS4 Due to higher stereoregularity of PLA used
mobility of PLA chains caused by the presence of plasticizers, in ref 14, a larger crystallinity degree was reached during
increasing with the plasticizer content. The blends, except for deformation despite nearly the same elongation to fracture. The
the PLA/PPG1-12.5 blend, were homogeneous. PPG1 decreasedrain induced crystallization also contributed to strain hardening
Ty less than PPG4 despite nearly the safgef both PPGs.  gpserved in the plasticized PLA, as crystallites play a role of

The effect of PPG4 was practically the same as the effect of physical knots. However, the crystallization of PLA in the blend
PEGSG. In the PLA/PPG1-12.5 blend, the PPG1 separation Wasjeads also to an increase of plasticizer content in the amorphous

evidenced by SEM, that indicates that the miscibility of PPGs phase and to further decreaseTqf
with PLA decreases with the increase of PPG molecular weight.

Tg of the PLA/PPG1-12.5 blend was still below that of PLA/ 12.5 tensile specimen which were much smaller than those found

PPG1-10 blend which pointed out that only a minor fraction of ; .
PPG1 formed separate droplets, hence significant separate glas'éq the blend prior to deformation resulted probably from phase

transition showed up neither in DSC nor in DMTA experiments Separation caused by a local increase of PPG1 concentration in

conducted for this blend. The relative abundance of emptied the amorphous phase of t?fs blend during strain induced
cavities visible on SEM micrographs of the PLAIPPG1-12.5 crystallization of PLA. Hu et at>1>demonstrated that only PLA/

blend resulted most probably from the preferred propagation PEG btlegds LV':ETQ lower tf[han ambtlgrlllt tempe(rjatur:; mﬂhase
of fracture through interfacial surfaces at liquid nitrogen ;elz_&argﬁ ’r?n esehpadra |ort])_es?etn a yctease TY% ¢ € th
temperature. Only a trace of the second glass transition was rich pnase reached ambient temperature. 1herefore, the

detected by a DSC method in the PLA/PPEID.5 blend. We PLA/PPG1-12.5 blend witﬁ'g_J at 32..5f’C shoul_d be stable at
attribute this to the glass transition of PPG1, despitg lawer room temperature and static condltlor_ls. Aging of PLA/PPG
than that of pure PPG1. The lowd of PPG1 inclusions blends requires, however, further studies.
dispersed in a glassy matrix is caused by negative pressure Phase separation that occurred in the PLA/PPG1-12.5 pre-
generated during cooling due to the mismatch of thermal vented a further decreaseTfbut did not reduce the drawability
expansion coefficients of glassy PLA and liquid PPG1. A similar of the material. However, enhancement of diluent conductance
effect was reported in the past for a system of polystyrene with in glassy polymers undergoing plastic flow was observed in
polybutadiené? The plasticizers increased the ability of PLA  the pas€® Argon and Cohet reported the local plasticization
to crystallize, which was manifested by a decrease of cold of polystyrene by low molecular weight polybutadiene droplets.
crystallization temperature and an increase of the crystallization Thus, although solid inclusions of crystallizable plasticizers, like
enthalpy during heating in the DSC at the rate of 10 K/min. PEGs, are undesirable as they degrade the blend drawability,
The enhancement of the crystallizability was already reported tiny liquid pools of PPG may locally plasticize PLA during
for PLA plasticized with triacetin@ citrate ester82glycerol23 plastic flow and have a positive effect on drawability.
and PEG]:2’14'23_25

It should be noted that both PPGs influenced less the Acknowledgment. This work was partially supported by the
crystallization behavior of PLA than PEGS6 did, although PPG4 Ministry of Science and Society Information Technolog'te’:BV

The cavities detected on the fracture surface of PLA/PPG1-



Plasticization of PLA with PPG

(Poland) through the Centre of Molecular and Macromolecular

Studies, PAS, under Grant PBZ KBN 070/T09/2001, 2603
2006.

References and Notes

(1) Jacobsen, S.; Degee, Ph.; Fritz, H. G.; Dubois, Ph.; JeronRalyan.
Eng. Sci 1999 39, 1311.

(2) Brochu, S.; Prud’homme, R. E.; Barakat, I.; JeromeyiBcromol-
ecules1995 28, 5230.

(3) Pluta, M.; Galeski, AJ. Appl. Polym. Sci2002 86, 1386.

(4) Brizzolara, D.; Cantow, H. J.; Diederichs, K.; Keller, E.; Domb, A.
J. Macromoleculedsl996 29, 191.

(5) Perego, G.; Cella, G. D.; Bastioli, G. Appl. Polym. Sci1996 59,
37

(6) Bechtold, K.; Hillmyer, M. A.; Tolman, W. BMacromolecule2001,
34, 8641.

(7) Nijenhuis, A. J.; Colstee, E.; Grijpma, D. W.; Pennings, ARdlymer
1996 37, 5849.

(8) Labrecque, L. V.; Kumar, R. A.; Dave, V.; Gross, R. A.; McCarthy,
S. P.J. Appl. Polym. Sci1997, 66, 1507.

(9) Ljungberg, N.; Wesselen, B. Appl. Polym. Sci2002 86, 1227.

(10) Jacobsen, S.; Fritz, H. ®olym. Eng. Sci1999 39, 1303.

(11) Sheth, M.; Kumar, R. A.; Dave, V.; Gross, A. R.; McCarthy, S. P.

J. Appl. Polym. Sci1997 66, 1495.
(12) Baiardo, M.; Frisoni, G.; Scandola, M.; Rimelen, M.; Lips, D;
Ruffieux, K.; Wintermantel, EJ. Appl. Polym. Sci2003 90, 1731.

Biomacromolecules, Vol. 7, No. 7, 2006 2135

(13) Hu, Y.; Rogunova, M.; Topolkaraev, V.; Hiltner, A.; Baer,/alymer
2003 44, 5701.

(14) Kulinski, Z.; Piorkowska, EPolymer2005 46, 10290.

(15) Hu, Y.; Hu, Y. S.; Topolkaraev, V.; Hiltner, A.; Baer, Bolymer
2003 44, 5711.

(16) Pluta, M.; Paul, M.-A.; Alexandre, M.; Dubois, Ph. Polym. Sci.
Part B: Polym. Phys2006 44, 299.

(17) Kuran, W. InConcise Polymeric Materials Encyclopedizalamone,
J. C., Eds.; CRS Press: Boca Raton, FL, 1999; pp +2299.

(18) Cyras, V. P.; Galego Fernandez, N.; Vazque®Rdélym. Intern1999
48, 705.

(19) Piorkowska, E.; Kulinski, Z.; Galeski, A.; Masirek, Rolymer
accepted.

(20) Sarasua, J. R.; Prud’homme, R. E.; Wisniewski, M.; Le Borgne, A;
Spassky, NMacromolecules1998 31, 3895.

(21) Chartoff, R. P. INThermal Characterization of Polymeric Materials
Turi, E. A, Ed.; Academic Press: San Diego, 1997; Vol. 1, pp484
743.

(22) Bates, F. S.; Cohen, R. E.; Argon, A.\8acromoleculed983 16,
1108.

(23) Martin, O.; Averous, LPolymer2001, 42, 6209.

(24) Lai, W. Ch.; Liau, W. B.; Lin, T. TPolymer2004 45, 3073.

(25) Hu, Y.; Hu, Y. S.; Topolkaraev, V.; Hiltner, A.; Baer, Bolymer
2003 44, 5681.

(26) Zhou, Q. Y.; Argon, A. S.; Cohen, R. Polymer2001, 42, 613.

(27) Argon, A. S.; Cohen, R. FAdv. Polym. Sci199Q 91/92 301.

BM060089M

Ccbv



