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Abstract

High-performance composites prepared by melt-blending polylactide (PLA, L/D isomer ratio of 96/4) with various amounts of B-anhydrite II
(AID), the dehydrated form of calcium sulfate hemihydrate obtained by a specific thermal treatment at 500 °C, have been aged to study the evo-
lution of their physical and mechanical properties with time. The effect of 1-year ageing under ambient conditions (below T, of PLA) for se-
lected composites, i.e., filled with 20 and 40 wt% All, 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 (E') was re-
corded, as a result of ageing. This improvement was ascribed to the reorganization of the PLA structure induced by ageing. The structural re-
organization was also reflected by a slight increase of PLA density and changes in thermal behaviour. The X-ray investigations showed
unchanged crystallographic structure of All 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.
© 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 applica-
tions 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 re-
newable resources, like beet sugar or corn starch [3—8]. Be-
cause 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 thermoplas-
tics 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 appli-
cations, the profile of PLA properties can be modified by com-
bining 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 biocompat-
ibility. In this frame, typical mineral fillers combined with
PLA were hydroxyapatite, calcium carbonate, calcium phos-
phate, etc. [9—14]. 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 de-
flection 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 com-
mercially available PLA can be effectively melt-blended with
previously dehydrated gypsum (anhydrite II form or AIl), ac-
tually a by-product of lactic acid production. These two prod-
ucts 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 prop-
erties 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 charac-
terized 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 phys-
ical properties of PLA/AII composites and for comparison, of
unfilled PLA. This paper reports the most relevant modifica-
tions induced by ageing for the considered systems as evi-
denced by viscoelastic measurements (DMTA), calorimetric
characterization (DSC) and XRD analyses. The molecular
characteristics of the PLA, before and after ageing, were eval-
uated by size exclusion chromatography (SEC), whereas the
change of PLA density was determined by a conventional
technique. Finally, the stability of the crystallographic struc-
ture of AIl 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 = 74,500 g/
mol, residual monomer content =0.18%, L/D isomer ratio of
96/4, MFI (190 °C, 2.16 kg) = 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 melt-
processing.

Calcium sulfate hemihydrate — B form (CaSO, - 0.5H,0),
a by-product from the lactic acid production process with
mean particle diameter of 9 pm was provided by Galactic
s.a. and dried (see below) just before the melt-mixing with
PLA.

2.2. Preparation

B-Anhydrite II (AIl) was obtained by dehydration of cal-
cium sulfate hemihydrate in a Nabertherm 3 L furnace at
500 °C for 1 h. PLA/AII composites were prepared by melt-
compounding at 190 °C using a Brabender bench scale
kneader equipped with cam blades (for 3 min at 30 rpm, fol-
lowed by 3 min at 60 rpm). PLA alone was also melt-pro-
cessed 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 (~ 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
(M), and polydispersity index (M,/M,)), of PLA samples (un-
aged and aged) were determined by size exclusion chromatog-
raphy (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 inves-
tigated by this method due to sorption ability that is typical for
dehydrated fillers.

The thermal properties of the samples were investigated us-
ing a DSC 2920 (TA Instruments) under nitrogen atmosphere
from O to 180 °C using a heating ramp of 3 °C/min.

XRD characterization of AIl powder and composite sys-
tems (before and after ageing) was performed at room temper-
ature using a Siemens D5000 diffractometer with the Cu Ka

Table 1
Specification of considered samples
History Filler
0% 20% 40%

Codification of samples and AIl content (Wt%)

Un-aged PLA PLA20AII PLA40AII
1-year aged agPLA agPLA20AII agPLA40AIl
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radiation (1 = 1.5406 A) in reflection mode for 26 angle vary-
ing 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 x 10 x 1 mm) were investigated.
The dynamic storage and loss moduli (E’ and E”, 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 +0.32 pm amplitude.

3. Results and discussion
3.1. SEC characterization of PLA

Because the risk of hydrolytic degradation of PLA is ex-
tremely important during manufacturing, storage and end-
use of PLA/AII products, the molecular characteristics (num-
ber average molar mass, M,, 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 M, and generally, to
slight increase of polydispersity index (PI) with respect to
the unprocessed PLA. These changes of molecular character-
istics 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 (M, and
PI) of the material as the parameters determined are essentially
comparable within the experimental accuracy of +10%.

On the other hand, the ageing of PLA40AII up to 6 months,
has no noticeable effect on modification of molecular charac-
teristics and in this context the stability of the principal proper-
ties 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 (M, = 63,000, PI = 2.1), while the compos-
ite experiences a slight reduction of M,, and a significant broad-
ening of the polydispersity index (M, =55,000, PI=2.4),
suggesting the beginning of the hydrolytic degradation of the
PLA matrix.

Table 2
PLA molecular weights and polydispersity indices (PI = M/M,) for un-aged
and aged samples (SEC analysis accuracy: 10%)

Sample history Sample
PLA* PLA40AII
M, PI M, PI
Un-aged 64,000 2.2 63,000 2.2
Aged 3 Months 62,000 2.0 67,000 1.9
6 Months 64,000 2.1 65,000 2.2
>1 Year 63,000 2.1 55,000 2.4

% PLA before processing: M, = 74,500, M/M, = 2.0.

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 de-
scribed 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 tran-
sitions on heating: glass—rubber transition (T,), cold crystalli-
zation with peak (at 7..) and finally, a bimodal melting process
at higher temperature (7y,,; and T},;). The thermal events for
the aged samples are, however, much more pronounced than
for the un-aged counterparts, particularly at T, and T, regions.
In contrast to the initial samples, the aged ones show distinct
endothermic peak following the T, and sharper cold crystalli-
zation (exotherm) with peak localized at a lower temperature.

In addition, the melting behaviour of aged samples, partic-
ularly for composites, is also modified and the first melting
(enthalpic) component (at T,,;) is smaller than the second
one (at T,,). An opposite relation concerning the magnitude
of these melting components is observed for the un-aged com-
posites. It is believed that for the aged samples the increase of
the melting contribution at Ty, can be correlated with the de-
crease by ageing of the cold crystallization temperatures (7).
Indeed, when cold crystallization occurs at lower T, less per-
fect 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,

PLA Tg Tc
M
m.

agPLAZ0AIIl

Heat Flow, Wig

agPLA40AIl

T T T T T T T

0 40 80 120 160
Temperature, °C

Fig. 1. DSC thermograms of aged samples (agPLA, agPLA20AII and ag-

PLA40AIl) — thick curves and un-aged samples (PLA, PLA20AIl and
PLA40AII) — thin curves, recorded using a heating ramp of 3 °C/min.
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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 pro-
cess observed at T,5.

Table 3 presents the calorimetric parameters characterizing
the following processes: glass transition (at T,) with accompa-
nied relaxation enthalpy (AH,), cold crystallization process (T
and AH_) and melting processes (T, Tmz and AH 1, AH ).

By analyzing the results of DSC measurements for the un-
filled PLA and PLA/AII composites (see Table 3) it could be
pointed out that the T, values are not significantly affected ei-
ther by the ageing process or by the presence of AIl. However,
the relaxation enthalpy AH, (following the Ty) is considerably
higher for the aged samples than for un-aged counterparts. For
un-aged samples, it decreases with the increase of AIl 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 AH, with the AIl
content can suggest confinement of some fraction of PLA
chains in the interphase (at the filler surface) which, therefore,
cannot contribute to the AH. On the other hand, the T,
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 AH,. increases with the
All 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 age-
ing and reorganization of the PLA structure.

In the region of melting temperatures — in direct correla-
tion with the filler percentage, the melting process becomes
more complex and double melting peaks are recorded, with
domination of that one at T,,, for the aged composites. This
reflects a different thermal stability of the crystallites formed
in the samples characterized by different composition and age-
ing 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
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behaviour of aged samples in comparison to those of un-
aged 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 to-
wards a more stable state via molecular rearrangements. The
structural reorganization induced in amorphous PLA by age-
ing 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/cm® for the starting
sample, to 1.255 g/cm? after 1-year ageing (after 3-month age-
ing the PLA density increased to 1.253 g/cm®, the density of
a single crystal of PLA was reported to be 1.290 g/cm® [20]).

On the other hand, it is essential to emphasise that the ef-
fects of the physical ageing are dependent not only on the
time of ageing, but also on other parameters such as tempera-
ture, initial crystallinity and thermal history, PLA molecular
weights and composition, etc. as other studies have been de-
scribed in detail elsewhere [22—24]. In conclusion, the ther-
mal behaviour — 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 All filler
in the PLA matrix provides additional nuclei for cold crystal-
lization 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 com-
posites was also investigated in isochronal measurements of
viscoelastic properties as a function of temperature using
DMTA. Fig. 2a—c shows in comparison the storage modulus
(E') and loss modulus (E”) 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 be-
haviour of the E’ and E” brought out by ageing. As far as the
composites are concerned, E 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 Melting

T, O AH, (J/g) T. O AH. (J/g) Tni; Tz (°C) AHy,; AHyyp (J/g) AHy (J/g)
PLA 57.8 1.6 127 8.2 153 8.4 8.4
agPLA 57.6 5.6 122 9.1 152 11.8 11.8
PLA20AII 58.1 1.3 116 24.2 151; 153 17.0; 7.5 24.5
agPLA20AII 58.1 5.4 102 29.3 147; 155 14.9; 15.5 30.4
PLA40AII 58.1 1.1 110 27.1 149; 156 16.8; 11.5 283
agPLA40AIL 58.1 4.8 99 25.0 146; 154 12.6; 15.8 28.4

Observation: enthalpy (AH ) values are related to the mass unit of PLA.

Abbreviations: T, — glass transition temperature determined from the inflection point of the heat flow curve, AH, — excess enthalpy relaxation following the glass
transition (the value is determined from the peak area using a sigmoid baseline), T, AH. — temperature of the cold crystallization peak and corresponding crys-
tallization enthalpy, Ty, T2 and AH,, AH,,, — temperature of the melting peaks and corresponding melting enthalpies, AHy — total melting enthalpy.
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Fig. 2. (a—c) Comparison of E' and E” spectra of aged (thick line) and un-aged samples (thin line).

ageing of PLA and PLA/AII samples. For example, the in-
crease of E' at 25°C is 19% for agPLA (1.3 GPa for un-
aged PLA), 29% for agPLA20AIl (1.8 GPa for un-aged
PLA20AII) and 27% for agPLA40AIl (2.5 GPa for un-aged
PLA40AII). The increase of E' with ageing reflects the in-
crease of rigidity that can be connected to the increase of den-
sity induced by ageing as discussed above.

Interestingly, the ageing also modifies the viscoelastic be-
haviour in the T, region. After ageing, the small £’ peak before
the glass—rubber 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 tem-
perature shoulder of the E” peak decreases. These changes
are related with higher density (better “packing’’) of the amor-
phous material revealed in the aged samples.

In order to characterise quantitatively the changes of the
mechanical loss at the T, region connected with the sample
composition and ageing process, the temperature of the E”
peak was determined (i.e., T, from mechanical loss) together
with the following parameters: the E” peak area (A), its half-
width (W;),) and its height (H). These parameters (with the
exception of T,) were related to the respective parameters of
the unfilled and un-aged PLA sample as reference. The param-
eters obtained Ayei, Wijorer and Hyy, as well as T, are shown in
Table 4 (The estimation was performed in the temperature re-
gion from 25 to 80 °C and a linear E” scale was used).

Firstly, from Table 4 it is seen that the T, 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 (T, from the DSC data appeared to be less sensitive —
Table 3). For the un-aged samples, the mechanical loss
intensity systematically increases with the filler content. For
example, the E” peak area (A.;) and its height (H,;) are
increased by 73 and 85%, respectively, at 40 wt% of All
This increase of the E” 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 E” peak with the filler content, how-
ever, 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:
Are1 = 58%, Hep = 88% and W) = 48% with respect to the
values determined for the un-aged and unfilled PLA reference.
The diminution of the mechanical loss at E” peak intensity after
ageing reflects the decrease of the mechanical energy dissipa-
tion in the structure reorganized during ageing.

At higher temperatures coinciding with the cold crystalliza-
tion, the increase of £’ and E” 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 con-
sidered 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 T, for unfilled PLA — i.e., the in-
crease of E' were reported by Celli and Scandola [22]. More-
over, the increase of E’ 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 T, (°C) Arel (%) Wir ret(%) Hier (%)
PLA 59.8 100 100 100
PLA20AII 59.5 132 95 140
PLA40AII 60.5 173 92 185
agPLA 60.7 58 48 88
agPLA20AII 61.5 91 51 134
agPLA40AIL 61.7 133 53 177
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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 1-
year 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 vari-
ous hydrated and dehydrated forms are considered in detail
elsewhere [25—28]. 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., CaSO, - 0.5H,O as received) is
shown in Fig. 3 — curve a. It is featured by several intense
peaks at 20 = 14.7, 25.4, 29.7 and 49.2°. After dehydration,
as exemplified by the diffractogram presented in Fig. 3 —
curve (b), the crystalline structure of obtained B-calcium sul-
fate anhydrite (CaSQ,) is different. It is characterized by
only one intense peak at 26 = 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 com-
posites because similar diffractograms have been recorded af-
ter ageing (compare curves b, ¢ and d). When embedded in the
PLA matrix, All is sufficiently stable not to re-form the hemi-
hydrate form after 1-year ageing. These results allow an im-
portant 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 possi-
bility 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-anhy-
drite II form (AIl), were prepared by conventional

melt-blending. Since these PLA/AII composites are poten-
tially interesting for further applications, the effect of 1-year
ageing under normal (atmospheric) conditions has been stud-
ied in relation to the filler content (20 and 40 wt%) and com-
pared 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/AIl composites
are maintained after ageing. The measured mechanical proper-
ties (E' 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 T, region (in accordance with the £” response) and by
a small increase in density. At the same time, the structural sta-
bility of the AIIl 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 — from un-
filled 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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