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utilizing the differential scanning calorimetry and temperature-modulated DSC. The mobile amorphous
fraction, W, degree of crystallinity, W, and rigid-amorphous fraction, Wrar were estimated depending on
the thermal history of semi-crystalline PLA. From qualitative thermal analysis, the glass transition of rigid-
amorphous phase was observed as a broadening from the changes of heat-flow-rate between mobile glass
transition temperature and melting temperature. The amount of the rigid-amorphous fraction (RAF) was

Keywords: ) .
Po}l’y(lactic acid) evaluated from Wgar=1-W, — W, and graphically was presented as the result of a deflection from the
Glass transition linearity of the dependence of the change of degree of mobile amorphous phase (W,) vs. the degree of

Crystallinity crystalline fraction (W) for semi-crystalline PLA with different thermal history. The degree of crystallinity
of semi-crystalline samples of PLA can be discussed in terms of a two- or three-phase model. In contrast,
the quantitative thermal analysis of the experimental apparent heat capacity of semi-crystalline PLA did
not show any appearance of RAF in the examples of analyzed samples. The experimental heat capacity of
PLA was analyzed in reference to the solid and liquid equilibrium heat capacities of poly(lactic acid) found
in the ATHAS Data Bank.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction In general, understanding all of the thermal properties of
biodegradable poly(lactic acid) (PLA) requires the quantitative

Poly(lactic acid) belongs to the aliphatic polyester group with thermal analysis and interpretation of measured quantity, such as
different stereo-chemical nature 1, b and meso-lactide with the heat capacity, in terms of the molecular motion [1-3]. The use of

chiral center, a carbon with the C* designation in the repeating unit: proper equilibrium baselines of the 100% solid and 100% liquid heat
capacities C;, is necessary to be used as references for the discussion
CH, 0 of phase transitions. This has already been established using the
| Il Advanced THermal Analysis System (ATHAS) [2-5].
HO [ Cli* ¢ OA]x’H Determination of the mobile amorphous fraction, rigid-amor-
H phous fraction and crystallinity for semi-crystalline polymeric

material such as poly(lactic acid) requires also this quantitative
thermal analysis. The thermal analysis of semi-crystalline poly-
(lactic acid) is often complicated by overlapping irreversible effects
[6-15] between the glass transition and melting such as enthalpy
relaxation, cold crystallization, reorganization, annealing and pre-
melting processes. The kinetic effects are superimposed on the
thermodynamic Cp [5-14].
I In this paper, the qualitative and quantitative thermal analyses of
% Presented in part at the 3rd International Seminar on Modern Polymeric crystallinity, the mobile amorphous fraction, and the rigid-amor-
Materials For Environmental Applications, Krakow, 14-16 May 2008. : . . . . . .
. - - ) N phous fraction of semi-crystalline poly(lactic acid) with different
Corresponding author. Department of Chemistry, Rzeszéw University of Tech- A oo A R .
nology, 35-959 Rzeszéw, Poland. thermal histories introduced by isothermal crystallization at different
E-mail address: mpyda@utk.edu (M. Pyda). temperature are performed using differential scanning calorimetry

Its repeating unit has a molar mass of 72.06 g mol~. Poly(lactic
acid) can be semi-crystalline or a fully amorphous material,
depending on its stereo-chemical structure and thermal history.
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(DSC) and temperature-modulated DSC (TMDSC) to identify and
describe possible contains of all these three phases in PLA.

2. Experimental part
2.1. Samples

The poly(lactic acid), PLA, was obtained from NatureWorks, LLD,
USA. Poly(lactic acid) samples with a stereoisomer composition of
1.2-1.6% p-isomer lactide (PLA-4032D), and a weight-average
molecular weight of 220 kDa, were used in standard DSC and
temperature-modulated DSC studies.

In order to obtain semi-crystalline PLA, the samples were placed
inside of the DSC cell and were cooled at a rate of about
g=>50Kmin~' from the melt to given crystallization temperatures
(T¢) where sample was crystallized isothermally for given time, then
the cool continued at a rate around 50 K min~" to below mobile glass
transition and finally reheating with rate mostly of 10 Kmin~ It
should be noted that not all cooling processes inside of DSC were well
controlled. Fig. 1 shows an example of experimental thermogram of
heat-flow-rate at various temperatures of PLA-4032D on cooling,
heating and also including isothermal crystallization by standard
DSC. The inserted picture in Fig. 1 shows the programmed temper-
ature during all traces for result presented in Fig. 1.

Single-crystalline sapphire (Al,03) was used to calibrate the
heat capacity at each temperature. The temperature calibration was
performed with the extrapolated onset temperatures of the phase
transitions of indium T, =429.75 K (156.6 °C).

For measurements by standard DSC, samples of 10-15 mg were
used, for temperature-modulated calorimetry the sample weights
were 4-10 mg, weighed on a Cahn C-28 electrobalance to an
accuracy of (0.001 mg). The samples for DSC and TMDSC were
analyzed in aluminum pans of about 24 mg and heat-treated in
these aluminum pans in the calorimeter.

2.2. Measurement and instrumentation

All measurements were performed on the heat-flux differential
scanning calorimeter DSC, Q1000™ from TA Instruments, Inc.,
equipped with a mechanical refrigerator from temperatures
183.15 K(—90 °C) to 483.15 K (210 °C). Dry nitrogen gas with a flow
rate of 50 mLmin~! was purged through the DSC cell in the
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Fig. 1. An example of experimental data of heat flow rate vs. temperature on cooling
and heating by standard DSC. The inserted picture shows the programmed tempera-
ture for presented result.

instrument. DSC, Q1000™ was used to obtain the heat-flow rates,

transition parameters, apparent total and reversing heat capacities.

Cooling was accomplished with a refrigerated cooling system.
The experiments were performed in two modes:

2.2.1. Standard DSC

Measurements were performed on heating: a) after
isothermal crystallization with different temperature T, and time
(from 300 to 900 min) of crystallization when the samples were
cooled at rate of about qg=50Kmin~!, to below the glass tran-
sition and reheated at a heating rate of 10 Kmin~', b) after non-
isothermal crystallization on cooling rate, from 30 to 0.5 K min~"
from melt to the region below T, to obtain different degrees of
crystallinity.

For the quantitative DSC measurements, three runs were carried
out: one with an empty reference and a sample pan, to correct for
asymmetry of the DSC, one with an empty reference pan and a pan
filled with sapphire for calibration, and one with an empty pan and
a pan filled with the sample. After the steady state was obtained,
the C, was determined using the following equation:

AT . dAT
Cp = K=+ G

(1)

where K is determined as a function of temperature from the
sapphire calibration, AT is the temperature difference between
reference and sample, proportional to the heat-flow rate, HF; C; is
the heat capacity of the sample calorimeter including sample and
aluminum pan, and Ts is the sample temperature. The resulting Cg
was internally calibrated using the baselines from the ATHAS Data
Bank for the solid and liquid.

2.2.2. Quasi-isothermal TMDSC

Quasi-isothermal temperature-modulated DSC (TMDSC) [2]
measurements were performed around the constant temperature
T. =373,15 K, (100 °C) with the modulation amplitude of 0.5 K and
period of 60 s, after cooling the sample at around constant rate of
g =50 Kmin~, from the melt to crystallization temperature, T and
isothermal crystallization at this temperature T..

For quasi-isothermal TMDSC measurement, the underlying
heating rate was equal to zero,(q) = 0 and the range of temperature
of interest was covered by run at T.. The results consist only of the
apparent reversing Cp, expressed by:
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Fig. 2. Experimental DSC curve as heat-flow rate plotted against temperature on
heating at 10 K min~" of semi-crystalline poly(lactic acid), PLA-4032D. The sample was
kept isothermally at T=373.15K (100 °C) for 5 h on the cooling from the melt.
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Fig. 3. Heat-flow rate vs. temperature of poly (lactic acid), PLA-4032D with different

thermal histories by standard DSC on heating at 10 Kmin~': after isothermal crys-

tallization at T. =373.15K for 5 h, (curve 1.) as was shown in Fig. 1, after isothermal
crystallization at T. = 383.15 K for 5 h, (curve 2.) at T. = 393.15 K for 5 h(curve 3.) and at
T.=403.15K for 5 h (curve 4.).

: A
Cp(reversing) = /C2_ +C2 = <1<‘\T¢>>u).K(w); )

where Cp(reversing) is the modulus of the complex heat capacity,
(Cp = Creal + iCim) with its real, Crea, and imaginary, Ciy, parts,
respectively; (Ag) is the heat-flow rate amplitude, smoothed over
one modulation cycle;{Ar,) is the similarly smoothed modulation
amplitude of T; and K(w) = /1 4 t2w? is Newton’s law constant
and K(w) is a frequency-dependent calibration factor with 7 being
a correction used when analyzing the C, at a different frequency
then the calibration. Under the usual conditions of continued
linearity and stationary, 7 is a constant (=C;/K), where C; is the Cp of
the empty reference pan and K is the constant, as before.

The evaluation of data from standard DSC and temperature-
modulated TMDSC was carried out by using TA Instrument and
Math 3.0 software. The Cy(reversing) was obtained from a Fourier
deconvolution of the first harmonic of the modulated quantities
using the TA Instrument software.

3. Results

Figs. 1-3 display a series of the experimental heat-flow rates vs.
temperature of poly(lactic acid), PLA-4032D with different thermal
histories by standard DSC on heating at 10 Kmin ! after isothermal
crystallization at different temperatures ranging from 373.15K
(100 °C) to 403.15 K (130 °C) for 5 h respectively.

Fig. 2 shows the heat-flow rate vs. temperature on heating at
10 Kmin~! (low portion of results presented on Fig. 1) of PLA-
4032D sample after isothermal crystallization at 373.15 K (100 °C)
for 5 h and its qualitative thermal analysis. Changes of heat-flow
rate around the temperature of 338.15K (65 °C), Tg(mobile) are
related with a mobile glass transition. Change of heat capacity at

Ty(mobile) from qualitative analysis between two asymptotic lines
was estimated as ACp = 15.20 J/(mol~! K~1)] which gives W, = 35%
mobile amorphous fraction (MAF) in the examined semi-crystalline
sample. Changes of heat-flow rate occur in Fig. 2 during heating in
higher temperature, around 384.15 K (111 °C) can be related with
the beginning of melting process Ty(beginning) of crystal or with
an devitrification of the mesophase, rigid-amorphous fraction
T(RAF) in the semi-crystalline PLA-4032D. Next, a completed
melting process is presented as double endothermic peak with an
onset of bigger melting transition temperature at 433.15 K (160 °C).
The small peak in the low temperature represents a melting of non-
perfect small crystal. The qualitative analysis of melting peaks for
the integration using of straight baseline (curve a) gives a value of
heat of fusion (AHs) around 3.02 kJ mol~! (also included in Table 1)
which is related with W, = 35% of crystalline fraction in sample.

Next, Fig. 3 presents results of the heat-flow rates of PLA after
isothermal crystallization for 5 h at different temperatures such as
at 373.15K (100 °C) (curve 1.), at 383.15K (110 °C), (curve 2.) at
393.15K (120 °C), (curve 3.) and at 403.15K (130 °C) (curve 4.),
respectively.

Results of the whole series of measurements show the similarity
of Ty(mobile) and changes of heat capacity at mobile glass transition
temperature for all different crystallization temperatures. Differ-
ences in the changes of heat-flow rate in Fig. 3 appear at the
beginning of melting process Tyy(beginning) or may be due to the
relaxation of rigid-amorphous fraction, Ty(RAF) for different
isothermal crystallization temperature T.. For higher T, the second
step in the changes of heat-flow rates of series samples, at the
Tin(beginning) or T;(RAF) and melting peak are shifted to the higher
temperature. Also the heat of fusion for higher T is larger. It should
be noted that only curve 1. shows clear double peaks in the melting
process. All characteristic parameters of results and conditions from
the standard DSC evaluation shown in Fig. 3 are also presented in
Table 1.

Next, heat-flow rates were converted to heat capacities and
calibrated. In Fig. 4, an example of the changes of the apparent C;, of
PLA-4032D with temperature is presented, as obtained from
standard DSC on heating at 10 K min~! after cooling from the melt
and crystallized isothermally at temperature T. =373.15 K for 5 h.
The experimental heat capacity of PLA-4032D was analyzed in
reference to the solid, Cp(vibrational) and liquid, Cy(liquid) heat
capacities of poly(lactic acid) found in the paper [3]. First, using
thermal analysis, the mobile amorphous fraction, W, was esti-
mated from:

AG,

Wa = AC,(100%)

(3)

where ACp and ACp(100%) are changes of heat capacity at Ty(mo-
bile) of semi-crystalline and full amorphous PLA-4032D, respec-
tively. For calculation, the value of AC, (100%) used was
43.8 K" mol~! according to Ref. [3]. For the quantitative analysis
of heat capacities shown in Fig. 4, equation (3) was used in the
evaluation of the mobile amorphous fraction and has the following
expression:

Table 1

Thermodynamics parameters and results from a qualitative evaluation of data of PLA-4032D as presented in Fig. 3.

Sample Te [K] t [min]? Tg [K] (mobile) AG, [J/(molK)] W, Tm [K] (onset) AHs [K]/mol] W WRar
1 373.15 300 338.15 15.20 0.35 43315 3.020 0.46 0.19
2 383.15 300 336.37 16.96 0.39 431.40 3.124 0.48 0.13
3 393.15 300 33541 16.05 0.37 433.75 3.318 0.51 0.12
4 403.15 300 334.54 15.39 0.35 43491 3.402 0.52 0.12

@ t, time of crystallization.
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Fig. 4. Experimental heat capacity of semi-crystalline poly(lactic acid), PLA-4032D
after isothermal crystallization at T.=373.15K (100 °C) for 5h and calculated heat
capacities of solid and liquid PLA plotted against temperature from Ref. [3].
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which gives 42.5% of MAF in contrast to the result of 35% from
qualitative analysis (see Fig. 2).

The degree of crystallinity, W, was estimated from two approx-
imations: from the so-called zero-approximation and advanced-
approximation. First, the degree of crystallinity was calculated from
the ratio of heat of fusion of semi-crystalline, AHf (Table 1) and
completed crystal, AHf (100%):

AH;

We = AH;(100%)

(4)
For the calculation, 6554 ] mol~! was used as the value of AHs
(100%) according to Ref. [3]. As is presented in Fig. 1, a straight line
(curve a) was used for the integration of the area of the peak for the
zero-approximation of AHg.
The rigid-amorphous fraction,
a remaining portion from the relation:

Wrarp was estimated as

Wiarp = 1— Wa — We. (5)
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Fig. 5. Fraction of degree of crystallinity vs. temperature for semi-crystalline poly(-
lactic acid), PLA-4032D on the heating after isothermal crystallization at T.=373.15K
(100 °C) for 5 h.

The result of the qualitative analyses of PLA-4032D presented in
Fig. 2 shows that a degree of mobile amorphous phase is W, = 35%,
degree of crystallinity is W, =46%, and the rigid-amorphous phase
WRrar is with a fraction of 19%.

Next, in order to continue the quantitative thermal analysis of
PLA-4032D presented in Fig. 4, the degree of crystallinity was
estimated by the advanced approach. Using the two-phase model,
and assuming that semi-crystalline PLA-4032D has amorphous
and crystal phases, the crystallinity as the function of temperature
W, = f(T) was found from the following equation [1-3]:

AW,
7 AH((T)

(6)

where C, (exp) is the experimental, apparent heat capacity, G,
(solid) and C,, (liquid) are the equilibrium heat capacity of crystal
and liquid, respectively from Ref. [3]. The heat of fusion, AHs (T), is
represented by the temperature dependence difference enthalpy of
melt and crystal, H(melt) — H(crystal). Fig. 5 presents the results of
this calculation of W, = f(T) with a maximum degree of crystallinity
of 57.5%.

Next, this crystallinity as a function of temperature, W, = f(T),
was utilized for the calculation of expected, semi-crystalline heat
capacity baseline, Cp(semicryst) from:

Cpo(exp) = WcCp(solid) + (1 — We)Cp(liquid) —

Cp(semicryst) = W¢(T)Cp(solid) + (1 — W((T))Cp(liquid)  (7)

to serve for the next step of the analysis. With all of the above
assumptions, the baseline Cp(semicryst) is separated from the
thermodynamic heat capacity and latent heat in the apparent
Cp(exp) in the melting transition region. The semi-crystalline
baseline, Cy(semicryst) was shown in Fig. 4 as curve b. With help of
this Cy(semicryst) the heat of fusion was calculated as 3.77 k] mol~!
which corresponds to 57.5% of the maximum degree of crystallinity,
the mobile amorphous fraction W, is 42.5% for this case of quan-
titative analysis. Finally the absence of any the rigid-amorphous
fraction was noted. The difference between the two crystalline
fractions resulting from the two different integration baselines
b and a gives a value of 11.5%. This can be a subject for discussion of
improvement of our analysis of PLA.
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Fig. 6. Experimental heat capacity of semi-crystalline poly(lactic acid), PLA-4032D
after isothermal crystallization at T. =403.15K (130 °C) for 5h and calculated heat
capacities of solid and liquid PLA plotted against temperature from Ref. [3]. In insert
picture: raw data of heat-flow rate with results from qualitative analysis of all fractions
(W, =035, W= 0.52 and Wgar=0.13).
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Fig. 7. Plot of changes of heat capacity at glass mobile transition temperature vs. heat
of fusion of semi-crystalline poly (lactic acid), PLA-4032D with different thermal
history (marked numbers correspond to samples numbered in Tables 1 and 2).

Fig. 6 with its inserted picture in the corner presents the second
example of compared results from the qualitative and quantitative
thermal analysis of semi-crystalline poly(lactic acid), PLA-4032D
after isothermal crystallization at T.=403.15K (130°C) for 5h
(case 4. in Fig. 2 and in Table 1). The qualitative analysis of this
sample from heat-flow rate as is presented in the small picture in
Fig. 6 shows 35% of mobile amorphous fraction, 52% of degree
crystallinity and 13% of rigid-amorphous fraction. In contrast, the
quantitative thermal analysis of heat capacities of this PLA-4032D
sample as is presented in the main part of Fig. 6 shows much more
mobile amorphous fraction of 46%, also higher W.=54% and the
absence of the rigid-amorphous fraction similar to sample 1. (see
Fig. 4). The MAF was calculated for the change of C, between point 1
and 2 in mobile glass transition temperature and heat of fusion,
AHr=3.54 k] mol~! was obtained from integration of the melting
peak using Cp(semicryst) baseline b.

The changes of heat capacity, AC,, at the mobile glass transition
temperature, Tg,(mobile) and the measured heats of fusion, AHs for
all samples of PLA-4032D with different thermal histories are
plotted in Fig. 7. The circle points in Fig. 7 are the data from the
qualitative analysis as is also reported in Figs. 2,3 and 6 and in
Tables 1 and 2. The solid straight line is drawn between full

1.0 & PLA - 4032D

after advanced analysis
(W, =42.5%, W, =57.5%)

after qualitative/analysis

W, =35% |
|
|

0.0 . — . . g
0.0 0.2 0.4 0.6 0.8 1.0

degree of crystallinity, W,

0.2 4

degree of amorphous phase

Fig. 8. Plot of degree of amorphous vs. degree of crystalline of semi-crystalline poly
(lactic acid), PLA-4032D with different thermal history.

amorphous and full crystalline sample of PLA represented by
square points in Fig. 7. The experimental data points (circle points)
show the deviation from linearity of ACp vs. AHy. This occurs for
almost all samples. This may suggest the presence of some rigid-
amorphous fraction in all PLA-4032D samples that were
examined.

The data in Fig. 7 were converted to represent differently the
degree of amorphous phase (eq. (1)) and degree of crystallinity
(eq. (2)) and are illustrated in Fig. 8. Additional data, represented
by dark circle (qualitative analysis) and diamond (quantitative
analysis) points in Fig. 8, are also plotted as results of thermal
analysis of semi-crystalline poly(lactic acid), PLA-4032D (see Figs.
4,6 and 10).

The most promising region for evaluation of rigid-amorphous
fraction was expected on the thermal treatment during the
isothermal crystallization at T.=373.15K and later on additional
cooling/heating or annealing. In order to directly observe the forma-
tion of phases during the isothermal crystallization, the quasi-
isothermal method of temperature-modulated DSC (TMDSC) was
applied.

The evolution of reversing heat capacity, Cp(reversing) in time-
domain during isothermal crystallization of PLA-4032D at
T. =373.15 K was shown in Fig. 9. The reversing heat capacity was
measured by quasi-isothermal TMDSC mode with temperature

Table 2

Experimental parameters and results from evaluation of data of PLA-4032D as presented in Figs. 7 and 8.

Sample Heating rate [K/min] Cooling rate [K/min] T [K] t [min] AG;, [J/mol K] AHs [J/mol]
5 1.0 30.0 - - 36.24 44749
6 2.0 30.0 - - 38.96 228.07
7 3.0 30.0 - - 36.90 197.01
8 5.0 30.0 - - 38.34 77.61
9 8.0 30.0 - - 39.50 19.59
10 10.0 30.0 - - 39.91 28.64
11 10.0 0.5 - - 30.60 1872.83
12 10.0 1.0 - - 35.63 864.72
13 10.0 2.0 - - 37.90 302.94
14 10.0 5.0 - - 38.96 29.11
15 10.0 10.0 - - 40.07 39.96
16 - - 100 600 16.26 3218.92
17 - - 100 900 15.85 3332.05
18 - - 110 600 15.41 3477.62
19 - - 110 900 15.33 3546.07
20 - - 120 600 12.96 3631.10
21 - - 120 900 12.14 3708.93
22 - - 140 300 30.94 1028.30
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Fig. 9. Time evolution of experimental heat capacity (a) of semi-crystalline poly(lactic
acid), PLA-4032D during isothermal crystallization at T.=373.15K (100 °C) for 5h.
Curves b and c indicate the heat capacity of 100% amorphous PLA, G, (liquid) and the
vibration heat capacity of solid PLA, C,(vibration), respectively.

amplitude A=0.5K and period p =60 s around 373.15K and the
results were presented in the frame of two baselines of the vibra-
tion and liquid capacities. After approximately 300 min, the C,
(reversing) of PLA-4032D from the level of liquid state has reached
the level of solid state of 132 J (mol~' K~1). Curves d and e of heat
capacity were estimated from the qualitative and quantitative
thermal analysis of three- and two-phase model with a crystallinity
fraction of W.=0.46 and W.=0.575, respectively. The reached
level of heat capacity provides information about the crystalline
fraction forming during the isothermal crystallization.

Results in Fig. 9 show the experimental evidence that PLA-
4032D is a semi-crystalline polymer. During the isothermal crys-
tallization, which occurs at 373.15 K, only 46% of crystal phase was
created. The same value of crystallinity (W, = 0.46) was obtained
from qualitative analysis of the heat-flow rate on heating (see
Fig. 2). It means that non-additional crystalline phase was formed
in the sample during cooling and reheating according to qualitative
analysis. The amount of others phases: degree of mobile amor-
phous phase (35%) and the rigid-amorphous fraction (19%) were
also obtained from this qualitative analysis as was presented
earlier. In contrast, according to quantitative analysis additional
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8 S
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Fig. 10. Experimental heat capacity of semi-crystalline poly(lactic acid), PLA-4032D

after isothermal crystallization at T. =373.15K (100 °C) for 5h as in Fig. 4 and the
evaluation of results of phase fractions from quantitative thermal analysis.

crystalline phase should be formed in PLA sample 1. later on cooling
or reheating to reach crystalline of 57.5%.

4. Discussion

The qualitative thermal analysis of biodegradable poly(lactic
acid) PLA-4032D was presented here based on the raw data of
heat-flow rates and the quantitative thermal analysis based on
the heat capacity. Analysis of the heat-flow rates in Figs. 2,3, and 6
suggests that PLA-4032D could be a three phase polymer,
including an amorphous, crystalline and rigid-amorphous phase.
For samples after isothermal crystallization at temperature
between 373.15 K (100 °C) and 403.15 K (130 °C) (see Fig. 2) the
changes of the AC, at Ty(mobile) are similar, much significant the
changes of heat-flow rates at Ti(beginning) or Tg(RAF) and at
melting peak regions are observed. Since ACp at T, (mobile) are
similar and the heat of fusion, AHf are different, the amount of
interface, rigid-amorphous fraction must be a part of the semi-
crystalline PLA. The RAF of semi-crystalline samples of PLA
obtained from this qualitative analysis presented in Figs. 2 and 6
were 0.19 and 0.13, respectively (see Table 1 for samples 1. and 4.).
In contrast, the quantitative analysis of the same samples did not
show any existing rigid-amorphous phase. The examples of the
quantitative analysis for PLA-4032D were presented in Figs. 4,6
and 10. For this analysis the results of MAF show much higher
values of 0.425 and 0.46 instead of the 0.35 value for both cases in
qualitative thermal analysis. Also, the values of crystallinity were
higher, measuring 0.575 and 0.54 instead 0.46 and 0.52, respec-
tively. Details of the quantitative analysis PLA after crystallization
at T. = 373.15 K for 5 h (for sample 1. in Table 1) is shown in Fig. 10.
Good agreement is observed between experimental Cp and
calculated Cp (vibration), for values below T of 338.15K and
above melting peak Ty, of 433.15K (160 °C) for liquid heat
capacity, Cp(liquid). The changes of heat capacity between point 1
and 2 at T are related with the devitrification of 42.5% of mobile
amorphous phase from solid state (A) to high viscoelastic state
(B). Next, changes of Cp(exp) between area B and D (liquid state)
show the process of melting of crystal phase according as
provided by employing equation (6) for two-phase models. Using
the C;, (semicryst) baseline (b in Fig. 10) for calculation, the value
of the degree of crystallinity was W.=0.575. In this case, the
melting process started at point B, which is very close to the end
of glass transition. No RAF was estimated from this quantitative
thermal analysis for presented semi-crystalline poly(lactic acid),
PLA-4032D. This result was also illustrated as a diamond point in
Fig. 8. The degree of crystallinity estimated from qualitative
analysis using a straight line between C and D (baseline a in Figs.
10,4, and 2) has reached the value of only 46%. It is interesting to
note that the reversing heat capacity reached the same value of
Cp(inf) of 46% during isothermal crystallization of the sample at
infinite time (see point C in Fig. 8). This result suggests that the
RAF can most likely form later during the process of cooling to
lower temperatures or reheating instead of by isothermal crys-
tallization. The MAF was the same as previously reported, 35%
(see Fig. 2) and the rigid-amorphous fraction (RAF) was estimated
as the remaining part of Wrar=0.19=1 - W, - W,.

No RAF was estimated from quantitative thermal analysis for the
second example of semi-crystalline poly(lactic acid), PLA-4032D as
was presented in Fig. 6. The same difference in the estimation of
heat of fusion resulting from difference of baselines of C,(semi-
cryst) (a and b in Fig. 6) which separated heat capacity from a latent
heat in the melting region was observed. As for sample 1. (see
Fig. 10), all possible portions of the rigid-amorphous fraction were
included in the mobile or crystal fractions for sample 4. as well (see
Fig. 6).
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5. Conclusion

The standard DSC, temperature-modulated DSC, and thermal
analysis enable the estimation of the three phases: mobile amor-
phous, crystalline and rigid-amorphous phase of biodegradable
poly(lactic acid) PLA. The question raised is how to estimate of
fraction phases from calorimetry and thermal analysis. Both, the
qualitative and quantitative thermal analysis of semi-crystalline
poly(lactic acid), PLA-4032D was presented and the approaches
compared. The qualitative thermal analysis of PLA-4032D based on
the evaluation of the heat-flow rates has revealed the formation of
three phases: mobile amorphous fraction, W, degree of crystallinity,
W, and rigid-amorphous fraction, Wgar with different thermal
history. The glass transition of rigid-amorphous phase can be
interpreted as broadening from changes of the heat-flow rate
between mobile glass transition temperature and melting temper-
ature or an increase at the beginning of melting process. The
quantitative thermal analysis of the experimental apparent heat
capacity of semi-crystalline PLA did not show any appearance of RAF
in the examples of the presented samples. This result was supported
partially by the experimental evidence of direct measurement of
reversing heat capacity from quasi-isothermal TMDSC during
isothermal crystallization. Further crystallization or formation of
RAF was possible on cooling and heating. The degree of crystallinity
of semi-crystalline samples of PLA can be discussed in terms of
a two- or three-phase model. Quantitative analysis of results from
DSC and TMDSC shows contributions of two major phases: mobile
amorphous fraction and crystalline phase. In all cases observed, the
intermediate phase can be included in the crystalline or the mobile
amorphous phases. Special techniques of quasi-isothermal TMDSC
with frequency- and amplitude-variation should be applied to

obtain additional information regarding distribution of phases in
examined PLA-4032D.
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