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Andrzej Galeski a, Philippe Dubois b,c
a

Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Sienkiewicza 112, 90-363 Lodz, Poland
b
Materia Nova asbl, Parc Initialis, Avenue Nicolas Copernic 1, B-7000 Mons, Belgium
c
Centre of Innovation and Research in Materials & Polymers (CIRMAP), Laboratory of Polymeric and Composite Materials (LPCM),
University of Mons-Hainaut, Académie Universitaire Wallonie-Bruxelles, Place du Parc 20, B-7000 Mons, Belgium
Received 10 December 2007; received in revised form 25 January 2008; accepted 3 February 2008
Available online 10 February 2008

Abstract
High-performance composites prepared by melt-blending polylactide (PLA, L/D isomer ratio of 96/4) with various amounts of b-anhydrite II
(AII), the dehydrated form of calcium sulfate hemihydrate obtained by a specific thermal treatment at 500  C, have been aged to study the evolution of their physical and mechanical properties with time. The effect of 1-year ageing under ambient conditions (below Tg of PLA) for selected composites, i.e., filled with 20 and 40 wt% AII, was determined and compared to unfilled PLA with the same processing and ageing
history. Samples with an initial amorphous PLA matrix, obtained by fast quenching from the melt, were characterized before and during ageing.
The changes in physical parameters have been studied using dynamic mechanical thermal analysis (DMTA), differential scanning calorimetry
(DSC), X-ray diffraction (XRD) and density measurements. Surprisingly, for all the samples, an increase of the storage modulus (E0 ) was recorded, as a result of ageing. This improvement was ascribed to the reorganization of the PLA structure induced by ageing. The structural reorganization was also reflected by a slight increase of PLA density and changes in thermal behaviour. The X-ray investigations showed
unchanged crystallographic structure of AII both during blending with molten PLA and in the composite systems after ageing. The surprising
stability of the thermo-mechanical properties of PLA and PLA/AII composites is in agreement with the results of size exclusion chromatography
analysis (SEC) which did not show significant changes of PLA molecular weights brought out by ageing.
Ó 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
The market for biodegradable materials is growing every
year and important increases are expected for those applications in which the biodegradability offers clear advantages
for customers and the environment, with typical examples
such as packaging, compost bags, agricultural films, coatings
and textiles [1,2]. As far as the polymer matrix is concerned,
the aliphatic polyesters and more particularly poly(lactic
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acid) (PLA) hold a key position. PLA seems to be one of
the most promising candidates for future developments; it is
not only biodegradable but also produced from annually renewable resources, like beet sugar or corn starch [3e8]. Because PLA has been recently considered as an alternative in
replacing petrochemical polymers, there is a strong demand
to extend the range of PLA properties. On the other hand,
for many applications, PLA remains more expensive than
the fossil fuel derived plastics and in this context the price/
performance aspects can represent a main marketing argument
for the use of new PLA grades.
As is well-known, a sizeable proportion of all thermoplastics worldwide are compounded and/or reinforced with fillers
or fibres. Their function is to improve final product specific
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properties and/or to reduce costs. Similarly, for further applications, the profile of PLA properties can be modified by combining the polyester matrix with various dispersed phases:
fillers or reinforcements, (nano)additives or other polymers.
The mineral-filled compositions based on PLA have been
firstly used in limited quantities for biomedical applications
taking the advantage of PLA biodegradability and biocompatibility. In this frame, typical mineral fillers combined with
PLA were hydroxyapatite, calcium carbonate, calcium phosphate, etc. [9e14]. For some industrial applications, the use
of PLA with mineral fillers, either surface modified or not,
can be an interesting solution to reduce its global cost and
to improve some specific properties such as rigidity, heat deflection temperature, processability, isotropic shrinkage, etc.
In this context, in response to the demand for extending
PLA applications range while reducing its production cost, it
has been recently demonstrated by some of us [15] that commercially available PLA can be effectively melt-blended with
previously dehydrated gypsum (anhydrite II form or AII), actually a by-product of lactic acid production. These two products from the same source as origin can lead by melt-mixing to
polymer composites characterized by remarkable thermal and
mechanical performances [15,16] and improved barrier properties to water vapour [17]. The physical properties as well
as the dispersion of the filler into PLA matrix and the phase
structure features of the un-aged composites have been characterized in detail in our previous work [15,16].
Since the prepared composites are potentially interesting as
biodegradable hard packaging or for technical applications, it
is important, for further use, to have information concerning
their stability or modification during ageing. Accordingly,
this study mainly focusses on characterization of the influence
of ageing up to 1 year (under ambient conditions) on the physical properties of PLA/AII composites and for comparison, of
unfilled PLA. This paper reports the most relevant modifications induced by ageing for the considered systems as evidenced by viscoelastic measurements (DMTA), calorimetric
characterization (DSC) and XRD analyses. The molecular
characteristics of the PLA, before and after ageing, were evaluated by size exclusion chromatography (SEC), whereas the
change of PLA density was determined by a conventional
technique. Finally, the stability of the crystallographic structure of AII was investigated using X-ray diffraction technique
and selected aspects in relation to the filler stability during
processing and in composites after ageing are discussed and
correlated with respect to their potential fabrication and use.
2. Experimental
2.1. Materials
Polylactide (PLA, number average molar mass ¼ 74,500 g/
mol, residual monomer content ¼ 0.18%, L/D isomer ratio of
96/4, MFI (190  C, 2.16 kg) ¼ 6.6 g/10 min) was supplied by
Galactic s.a. under the tradename Galastic, and dried 4 h at
110  C under vacuum just before use. The drying conditions
used enable reduction of moisture below 250 ppm,

which is essential to minimize PLA hydrolysis during meltprocessing.
Calcium sulfate hemihydrate e b form (CaSO4 $ 0.5H2O),
a by-product from the lactic acid production process with
mean particle diameter of 9 mm was provided by Galactic
s.a. and dried (see below) just before the melt-mixing with
PLA.
2.2. Preparation
b-Anhydrite II (AII) was obtained by dehydration of calcium sulfate hemihydrate in a Nabertherm 3 L furnace at
500  C for 1 h. PLA/AII composites were prepared by meltcompounding at 190  C using a Brabender bench scale
kneader equipped with cam blades (for 3 min at 30 rpm, followed by 3 min at 60 rpm). PLA alone was also melt-processed under the same conditions to have a reference
material. Samples (1 mm) were prepared by compression
moulding (at 190  C) followed by a rapid cooling from the
melt between metal blocks at low temperature (w 0  C) to
produce a PLA matrix quenched into the amorphous state.
Then, the samples were stored under normal (atmospheric)
conditions for 1 year to allow ageing. The composition of
the samples considered in this study, before and after ageing,
as well their codification is given in Table 1.
2.3. Characterization
Molecular weight parameters (number average molar mass
(Mn), and polydispersity index (Mw/Mn)), of PLA samples (unaged and aged) were determined by size exclusion chromatography (SEC) using the procedure described in Ref. [15]. SEC
analysis allows determining the effect of melt-compounding
and of ageing on molecular characteristics of PLA in relation
to the sample composition.
The changes of density during ageing of the unfilled PLA
were measured in solution of distilled water and zinc chloride
using a flotation method [18]. The solution temperature was
controlled to a constant 23  C. The composites were not investigated by this method due to sorption ability that is typical for
dehydrated fillers.
The thermal properties of the samples were investigated using a DSC 2920 (TA Instruments) under nitrogen atmosphere
from 0 to 180  C using a heating ramp of 3  C/min.
XRD characterization of AII powder and composite systems (before and after ageing) was performed at room temperature using a Siemens D5000 diffractometer with the Cu Ka
Table 1
Specification of considered samples
History

Filler
0%

20%

40%

Codification of samples and AII content (wt%)
Un-aged
1-year aged

PLA
agPLA

PLA20AII
agPLA20AII

PLA40AII
agPLA40AII
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radiation (l ¼ 1.5406 Å) in reflection mode for 2q angle varying from 10 to 60 by step of 0.04 and scanning rate of 2 /min.
Viscoelastic properties of the un-aged and aged samples
were measured using MkIII DMTA apparatus (Rheometric
Scientific, Inc.) in a dual-cantilever bending mode. Samples
in the form of strips (27  10  1 mm) were investigated.
The dynamic storage and loss moduli (E0 and E00 , respectively)
were determined at a constant frequency of 1 Hz as a function
of temperature from 100 to 145  C at a heating rate of 2  C/
min, for a sinusoidal deformation of G0.32 mm amplitude.

3. Results and discussion
3.1. SEC characterization of PLA
Because the risk of hydrolytic degradation of PLA is extremely important during manufacturing, storage and enduse of PLA/AII products, the molecular characteristics (number average molar mass, Mn and polydispersity index, PI) were
determined for unfilled PLA and for PLA extracted from the
composite samples, before and after ageing (Table 2).
As revealed by data shown in Table 2, the melt-processing
of PLA alone or in the presence of the filler (40 wt% AII)
leads to a decrease of approx. 15% in Mn and generally, to
slight increase of polydispersity index (PI) with respect to
the unprocessed PLA. These changes of molecular characteristics of the melt-processed PLA were expected due to the
well-known sensitivity of polylactide to thermo-mechanical
degradation at high temperature under mechanical shear
[19,20]. Furthermore, the ageing of the unfilled PLA does
not significantly change the molecular parameters (Mn and
PI) of the material as the parameters determined are essentially
comparable within the experimental accuracy of G10%.
On the other hand, the ageing of PLA40AII up to 6 months,
has no noticeable effect on modification of molecular characteristics and in this context the stability of the principal properties of this composite can be expected. Moreover, it is
important to emphasise that the molecular masses of unfilled
PLA seem unaffected by ageing after 1 year and even after
more than 2 years (Mn ¼ 63,000, PI ¼ 2.1), while the composite experiences a slight reduction of Mn and a significant broadening of the polydispersity index (Mn ¼ 55,000, PI ¼ 2.4),
suggesting the beginning of the hydrolytic degradation of the
PLA matrix.
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In conclusion, the SEC characterization indicates that the
PLA and PLA/AII composites are characterized by relatively
good stability during heating treatment (melt-blending) and
during ageing at ambient temperature for at least 6 months.
3.2. Thermal behaviour
Fig. 1 shows DSC heating thermograms for 1-year aged
(thick line) and un-aged samples (thin line) as reference. Since
the thermal behaviour of the un-aged samples has been described in detail in our previous paper [16], the discussion
of calorimetric results in this study is mainly focused on the
influence of ageing on the thermal properties of PLA/AII
composites.
Both un-aged and aged samples show similar thermal transitions on heating: glasserubber transition (Tg), cold crystallization with peak (at Tc) and finally, a bimodal melting process
at higher temperature (Tm1 and Tm2). The thermal events for
the aged samples are, however, much more pronounced than
for the un-aged counterparts, particularly at Tg and Tc regions.
In contrast to the initial samples, the aged ones show distinct
endothermic peak following the Tg and sharper cold crystallization (exotherm) with peak localized at a lower temperature.
In addition, the melting behaviour of aged samples, particularly for composites, is also modified and the first melting
(enthalpic) component (at Tm1) is smaller than the second
one (at Tm2). An opposite relation concerning the magnitude
of these melting components is observed for the un-aged composites. It is believed that for the aged samples the increase of
the melting contribution at Tm2 can be correlated with the decrease by ageing of the cold crystallization temperatures (Tc).
Indeed, when cold crystallization occurs at lower Tc, less perfect crystallites are formed and they are able to recrystallise
during DSC heating scan (such a recrystallisation event can
be compensated by concomitant melting and is, therefore,

Table 2
PLA molecular weights and polydispersity indices (PI ¼ Mw/Mn) for un-aged
and aged samples (SEC analysis accuracy: 10%)
Sample history

Sample
PLAa

Un-aged
Aged

a

3 Months
6 Months
>1 Year

PLA40AII

Mn

PI

Mn

PI

64,000
62,000
64,000
63,000

2.2
2.0
2.1
2.1

63,000
67,000
65,000
55,000

2.2
1.9
2.2
2.4

PLA before processing: Mn ¼ 74,500, Mw/Mn ¼ 2.0.

Fig. 1. DSC thermograms of aged samples (agPLA, agPLA20AII and agPLA40AII) e thick curves and un-aged samples (PLA, PLA20AII and
PLA40AII) e thin curves, recorded using a heating ramp of 3  C/min.

M. Pluta et al. / Polymer Degradation and Stability 93 (2008) 925e931

928

not revealed on a conventional DSC curve). Consequently, the
crystallites formed (recrystallised) at higher temperature are
more stable and have higher contribution on the melting process observed at Tm2.
Table 3 presents the calorimetric parameters characterizing
the following processes: glass transition (at Tg) with accompanied relaxation enthalpy (DHr), cold crystallization process (Tc
and DHc) and melting processes (Tm1, Tm2 and DHm1, DHm2).
By analyzing the results of DSC measurements for the unfilled PLA and PLA/AII composites (see Table 3) it could be
pointed out that the Tg values are not significantly affected either by the ageing process or by the presence of AII. However,
the relaxation enthalpy DHr (following the Tg) is considerably
higher for the aged samples than for un-aged counterparts. For
un-aged samples, it decreases with the increase of AII content
from 1.6 for the unfilled PLA to 1.1 J/g for PLA40AII, while
for the aged counterparts a decrease from 5.6 to 4.8 J/g was
recorded, respectively. This decrease of the DHr with the AII
content can suggest confinement of some fraction of PLA
chains in the interphase (at the filler surface) which, therefore,
cannot contribute to the DHr. On the other hand, the Tc
decreases in correlation with the percentage of filler, from
127 to 110  C for the un-aged samples, and after ageing,
from 122 to 99  C. At the same time DHc increases with the
AII content for the un-aged samples (from 8.2 to 27.1 J/g)
and this increase is slightly higher for the aged samples
(from 9.1 to 29.3 J/g, with some exception for agPLA40AII).
The increase of the crystallization ability after ageing can be
attributed to formation of additional nuclei as a result of ageing and reorganization of the PLA structure.
In the region of melting temperatures e in direct correlation with the filler percentage, the melting process becomes
more complex and double melting peaks are recorded, with
domination of that one at Tm2 for the aged composites. This
reflects a different thermal stability of the crystallites formed
in the samples characterized by different composition and ageing history. For each sample, however, the values for melting
enthalpy are close to the cold crystallization enthalpy. This
confirms that the PLA matrices were characterized by an
essentially amorphous structure. However, this structure is
unstable, it underwent some physical reorganizations during
ageing as reflected e.g., by the changes in the thermal

behaviour of aged samples in comparison to those of unaged samples. In explanation of that it should be accounted
that in the starting melt-quenched PLA a non-equilibrium
glassy state was achieved. This state evolves upon ageing towards a more stable state via molecular rearrangements. The
structural reorganization induced in amorphous PLA by ageing can be further confirmed by changes in intensity of an
amorphous halo of X-ray diffraction spectrum [21]. In the
case of unfilled PLA this rearrangement is associated with
a small increase in density, from 1.251 g/cm3 for the starting
sample, to 1.255 g/cm3 after 1-year ageing (after 3-month ageing the PLA density increased to 1.253 g/cm3, the density of
a single crystal of PLA was reported to be 1.290 g/cm3 [20]).
On the other hand, it is essential to emphasise that the effects of the physical ageing are dependent not only on the
time of ageing, but also on other parameters such as temperature, initial crystallinity and thermal history, PLA molecular
weights and composition, etc. as other studies have been described in detail elsewhere [22e24]. In conclusion, the thermal behaviour e particularly the glass transition relaxation
effect and crystallization ability of the PLA component from
the glassy, amorphous state are affected by both the sample
composition and ageing process. The presence of AII filler
in the PLA matrix provides additional nuclei for cold crystallization and their number further increases in the aged samples
due to the physical reorganization of the amorphous PLA
material.
3.3. Viscoelastic properties
The effect of ageing on the unfilled PLA and PLA/AII composites was also investigated in isochronal measurements of
viscoelastic properties as a function of temperature using
DMTA. Fig. 2aec shows in comparison the storage modulus
(E0 ) and loss modulus (E00 ) spectra for the aged and un-aged
samples (thick and thin lines, respectively).
Since the viscoelastic properties of the un-aged samples
have been already described in a previous study [16], this
work is mainly focused on the most relevant changes in the behaviour of the E0 and E00 brought out by ageing. As far as the
composites are concerned, E0 increases with the AII content as
expected but, more surprisingly, it also increases with the

Table 3
Comparison of calorimetric data of un-aged and 1-year aged PLA samples as determined from conventional DSC heating thermograms (ramp of 3  C/min)
Sample

Glass transition


Cold crystallization


DHc (J/g)

Melting
Tm1; Tm2 ( C)

Tg ( C)

DHr (J/g)

Tc ( C)

PLA
agPLA

57.8
57.6

1.6
5.6

127
122

8.2
9.1

153
152

DHm1; DHm2 (J/g)

DHT (J/g)

8.4
11.8

8.4
11.8

PLA20AII
agPLA20AII

58.1
58.1

1.3
5.4

116
102

24.2
29.3

151; 153
147; 155

17.0; 7.5
14.9; 15.5

24.5
30.4

PLA40AII
agPLA40AII

58.1
58.1

1.1
4.8

110
99

27.1
25.0

149; 156
146; 154

16.8; 11.5
12.6; 15.8

28.3
28.4

Observation: enthalpy (DH ) values are related to the mass unit of PLA.
Abbreviations: Tg e glass transition temperature determined from the inflection point of the heat flow curve, DHr e excess enthalpy relaxation following the glass
transition (the value is determined from the peak area using a sigmoid baseline), Tc, DHc e temperature of the cold crystallization peak and corresponding crystallization enthalpy, Tm1, Tm2 and DHm1, DHm2 e temperature of the melting peaks and corresponding melting enthalpies, DHT e total melting enthalpy.
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Fig. 2. (aec) Comparison of E0 and E00 spectra of aged (thick line) and un-aged samples (thin line).

ageing of PLA and PLA/AII samples. For example, the increase of E0 at 25  C is 19% for agPLA (1.3 GPa for unaged PLA), 29% for agPLA20AII (1.8 GPa for un-aged
PLA20AII) and 27% for agPLA40AII (2.5 GPa for un-aged
PLA40AII). The increase of E0 with ageing reflects the increase of rigidity that can be connected to the increase of density induced by ageing as discussed above.
Interestingly, the ageing also modifies the viscoelastic behaviour in the Tg region. After ageing, the small E0 peak before
the glasserubber transition disappears (it is ascribed to the
relaxation of internal stresses frozen in the polymer during
sample preparation via melt-quenching [16]), and a low temperature shoulder of the E00 peak decreases. These changes
are related with higher density (better ‘‘packing’’) of the amorphous material revealed in the aged samples.
In order to characterise quantitatively the changes of the
mechanical loss at the Tg region connected with the sample
composition and ageing process, the temperature of the E00
peak was determined (i.e., Tg from mechanical loss) together
with the following parameters: the E00 peak area (A), its halfwidth (W1/2) and its height (H ). These parameters (with the
exception of Tg) were related to the respective parameters of
the unfilled and un-aged PLA sample as reference. The parameters obtained Arel, W1/2rel and Hrel, as well as Tg are shown in
Table 4 (The estimation was performed in the temperature region from 25 to 80  C and a linear E00 scale was used).
Firstly, from Table 4 it is seen that the Tg determined from
the DMTA is sensitive to the composition and ageing history
of the samples as its value tends to increase with ageing and
filling (Tg from the DSC data appeared to be less sensitive e
Table 3). For the un-aged samples, the mechanical loss
intensity systematically increases with the filler content. For
example, the E00 peak area (Arel) and its height (Hrel) are
increased by 73 and 85%, respectively, at 40 wt% of AII.
This increase of the E00 peak with the filler content can be

attributed mainly to the contribution of the mechanical loss
generated in the interface regions. In turn, the aged samples
also exhibit the increase of E00 peak with the filler content, however, the magnitude of the mechanical loss is distinctly smaller
than for the un-aged and unfilled PLA reference (and for
un-aged counterpart as well). For example, for the agPLA:
Arel ¼ 58%, Hrel ¼ 88% and W1/2rel ¼ 48% with respect to the
values determined for the un-aged and unfilled PLA reference.
The diminution of the mechanical loss at E00 peak intensity after
ageing reflects the decrease of the mechanical energy dissipation in the structure reorganized during ageing.
At higher temperatures coinciding with the cold crystallization, the increase of E0 and E00 observed for the aged samples is
higher and occurs in a lower temperature range than for the
un-aged counterparts. These results can be directly related to
DSC observations and show that DMTA is fairly sensitive to
the crystallization processes. Summarizing, ageing of the considered samples increases their rigidity and chain packing that
implies lower ability for dissipation of mechanical energy
through molecular motion. Similar relations concerning the
‘‘physical ageing’’ below Tg for unfilled PLA e i.e., the increase of E0 were reported by Celli and Scandola [22]. Moreover, the increase of E0 of the PLA/AII samples after ageing
can also suggest stable interphase properties for PLA/AII
Table 4
Parameters characterizing the mechanical loss in the glass transition region of
the un-aged and aged samples with different compositions
Sample

Tg ( C)

Arel (%)

W1/2

PLA
PLA20AII
PLA40AII
agPLA
agPLA20AII
agPLA40AII

59.8
59.5
60.5
60.7
61.5
61.7

100
132
173
58
91
133

100
95
92
48
51
53

rel(%)

Hrel (%)
100
140
185
88
134
177

930

M. Pluta et al. / Polymer Degradation and Stability 93 (2008) 925e931

Fig. 3. Diffractograms of starting b-calcium sulfate hemihydrate powder (a), of
b-calcium sulfate anhydrite II (b), of PLA40AII composite un-aged (c) and 1year aged (d).

composites, a favourable conclusion in the perspective of use
of these materials in technical applications.
3.4. X-ray investigation
The crystal transformations of calcium sulfate and its various hydrated and dehydrated forms are considered in detail
elsewhere [25e28]. For this study the crystalline organization
of the b-calcium sulfate hemihydrate and anhydrite II form,
was detected by XRD. The diffractogram of b-calcium sulfate
hemihydrate powder (i.e., CaSO4 $ 0.5H2O as received) is
shown in Fig. 3 e curve a. It is featured by several intense
peaks at 2q z 14.7, 25.4, 29.7 and 49.2 . After dehydration,
as exemplified by the diffractogram presented in Fig. 3 e
curve (b), the crystalline structure of obtained b-calcium sulfate anhydrite (CaSO4) is different. It is characterized by
only one intense peak at 2q z 25.4 and a number of smaller
ones at higher scattering angles.
This crystallographic form is preserved during blending
with the molten PLA and, moreover, it is also stable in composites because similar diffractograms have been recorded after ageing (compare curves b, c and d). When embedded in the
PLA matrix, AII is sufficiently stable not to re-form the hemihydrate form after 1-year ageing. These results allow an important key conclusion that the AII used as filler in PLA
(and presumably in other polymers) is attractive from the
view-point of the structural stability and further, for the possibility of technological recycling of PLA/AII composites (no
detrimental sequestration of water by anhydrite re-hydration
upon ageing).
4. Conclusions
PLA composites filled with calcium sulfate, i.e., b-anhydrite II form (AII), were prepared by conventional

melt-blending. Since these PLA/AII composites are potentially interesting for further applications, the effect of 1-year
ageing under normal (atmospheric) conditions has been studied in relation to the filler content (20 and 40 wt%) and compared to the unfilled PLA with the same thermal history, i.e.,
characterized by an amorphous structure. In summary, the
study of the molecular, thermal and viscoelastic properties
showed that the performances of the PLA/AII composites
are maintained after ageing. The measured mechanical properties (E0 modulus) were even enhanced by ageing process. This
modification was ascribed to the increase of local order in the
amorphous phase of PLA. The structural reorganization of
PLA material was shown by DSC investigations, particularly
at the Tg region (in accordance with the E00 response) and by
a small increase in density. At the same time, the structural stability of the AII was confirmed using the X-ray method which
proved the filler stability towards hydration in the composite
systems with amorphous PLA matrix. Finally, it has been
shown that the molecular weights of the aged PLA e from unfilled PLA and composites did not decrease upon ageing, at
least after 6 months, typical period for a potential application
such as packaging.
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