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ABSTRACT: Besides hydrolysis, the physical properties
of poly(r-lactic acid), PLLA, may change, at a shorter time-
scale, at physiological temperature, because of structural
relaxation. This process may be relevant as it may contribute
for the time-dependent modifications of the mechanical per-
formance of PLLA-based implants, or in other properties
such as specific volume or permeability. In this work, mi-
crohardness was measured at room temperature after age-
ing poly(r-lactic acid) samples at 37°C during different pe-
riods, ranging from 15 min to 15 days. For the PLLA ana-
lyzed, the initial Vickers microhardness was around 140
MPa and an increase higher than 55% was observed in a

time span of 15 days. The relaxation of enthalpy at 37°C was
also monitored by differential scanning calorimetry, and
both results were successfully described by a simple model
that considers a nonexponential evolution of the quantities
sensitive to physical ageing. The time-scales of the structural
relaxation probed by microhardness or by enthalpy were
different, and the results suggested that the evolution of the
mechanical property was slower than the later. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 100: 2628-2633, 2006
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INTRODUCTION

Poly(r-lactic acid), PLLA, has been one of the most
used biodegradable polymers in a variety of biomed-
ical applications, including in sutures, orthopedic de-
vices, 3-D scaffolds for tissue engineering, and in con-
trolled drug delivery devices."”* The hydrolytic deg-
radation of PLLA during implantation will be
accompanied by a change of the physical properties of
the material. The continuous decrease of the mechan-
ical properties is particularly relevant for orthopedic
applications, where it should be compensated by the
remodeling of bone.

The glass transition temperature, Tg, of PLLA
ranges typically from 55 to 70°C and, thus, the amor-
phous fraction will be in a metastable glassy state at
physiological temperatures. It is well known that sig-
nificant variations may be found in the glassy state, if
the temperature is not too far below T, as a result of
the slow changes in molecular configuration, due to
the thermodynamic excesses of volume, enthalpy, or
entropy, towards its appropriate equilibrium state.
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Those can also include changes in the mechanical
response, such as creep or stress relaxation. The pro-
cess of structural relaxation, or physical ageing, in-
volves no change at the chemical point of view, being
a reversible physical process.”® The full knowledge of
the time-dependent material properties is advanta-
geous if optimum material performance is required.
The molecular mechanisms involved in the structural
relaxation are not still completely understood, but an
acceptable hypothesis would involve the reduction of
excess free volume though localized conformational
motions leading to the decrease of the fraction of
bond with high-energetic conformational energies,
such as gauche. Therefore, besides chemical degra-
dation, structural relaxation must contribute for the
change of the properties of PLLA during implanta-
tion. Only a few qualitative studies have been pub-
lished on structural relaxation in PLLA,>° but this
issue was never properly related, to our knowledge,
with the change in the mechanical performance dur-
ing its clinical use.

The most used technique to follow structural relax-
ation has been differential scanning calorimetry, DSC,
that allows to follow the enthalpy loss during age-
ing.”!" Also dilatometric measurements have been of-
ten used to probe physical ageing.>'? Figure 1 shows
a schematic of the dependence of enthalpy and vol-
ume on temperature around T,, including the effect of
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Figure 1 Scheme showing the evolution of primary ther-
modynamic quantities with the thermal history around the
glass transition temperature, T,, undergone by the samples
in this work. The sample is quenched from a temperature
above T, down to the ageing temperature T, = 37 °C (line 1);
after a stage during ¢, (line 2) the sample is quenched down
to room temperature (line 3). For the DSC experiments, the
heat flux is monitored during heating (line 4). The inset
graphics shows an example of typical DSC curves obtained
during heating for an annealed sample (solid line) and a
nonannealed sample (i.e., t, = 0). For the microhardness
experiments, the samples were subjected to the same ther-
mal history up to room temperature, where the microhard-
ness was measured. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

the stage at a constant temperature T, on the evolution
of the thermodynamic properties.

In this particular study, we are interested in follow-
ing the evolution of the mechanical performance of
PLLA at 37°C due to physical ageing through micro-
hardness measurements. It has been shown that mi-
crohardness in polymeric systems provides indica-
tions with practical significance, as well as structural
information such as lamellar organization, molecular
orientation, and crystallinity."*'* Because of its non-
destructive character, facility, and quickness, micro-
hardness measurements are a sensitive and adequate
method for the investigation of polymers and bioma-
terials, allowing to obtain information between mor-
phology and macroscopic mechanical properties. Such
measurements at the micro- or nanometric level may
be also useful when one pretends to map the proper-
ties in the surface of heterogeneous systems, including
biological tissues. For example, microhardness has
been used to access to the spatial monitoring of bone
and teeth.'®7>

Microhardness measurements may be then a useful
probe to monitor physical ageing and, at the same
time, they provide an adequate approach to follow the

evolution of the mechanical behavior in a clinical sit-
uation if the system has been subjected to a previous
ageing period at physiological temperature. The num-
ber of work reporting the use of microhardness in
physical ageing studies is less.”*** In this work, the
results obtained for PLLA will be compared with DSC
to compare the kinetics of structural relaxation probed
by these two techniques. This can be included among
the wide discussion existing in the literature on the
difference in the time scales of relaxation for different
properties, where no universal agreement has been
found; see, for example, a list of references in refs. 25
and 26.%2° In this work, the possibility of inferring the
evolution of the mechanical performance of PLLA
from DSC data will be then particularly analyzed.
However, the main objective of this work is to show
and quantify the effect of structural relaxation in the
change of the micro-mechanical behavior of PLLA at
37°C.

EXPERIMENTAL

The poly(r-lactic acid) used in this work was the
PLA4040 of Cargill-Dow (USA), with 94% vr-lactide.
The molecular weight, evaluated from GPC was M,, =
69,000 being M,,/M, = 1.72. PLLA films were pre-
pared by hot-pressing, at 180°C, followed by a
quenching in cold water. After erasing the thermal
history at 78°C for 5 min, PLA samples were aged at
37°C during different times, in a tube furnace, ranging
between 15 min and 15 days.

A Leica VMHT30 equipment was used to measure
the microhardness of the samples at room tempera-
ture (~21.5°C), using a Vickers diamond pyramid in-
denter (included angle o = 136°). The microhardness,
H, was calculated from the residual projected diago-
nal impression using H, = 1.854 F/d*, where d is the
mean diagonal length of the indentation in mm and F
the applied force in N. A load of 4.9 N was applied for
5 s, to minimize the creep effect. The length of the
resulting indentation was measured immediately after
load release to avoid complications associated with
viscoelastic recovery. Nevertheless, previous dynamic
mechanical analysis measurements indicated that the
material is essentially elastic at room temperature,
exhibiting low damping capability. For each ageing
time, the average microhardness was obtained from 10
measurements at randomly selected locations in the
sample.

Parallel DSC studies were carried out using a Per-
kin-Elmer DSC7 equipment. Both temperature and
heat flow were calibrated from the melting peak of
indium recorded at 10°C min . Scans at 10°C min ™},
from 30°C to 80°C were performed on the same sam-
ples analyzed by microhardness. To obtain an accurate
baseline for analyzing the enthalpy recovery data, a
second scan was immediately performed at 10°C
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Figure 2 DSC experiments carried out at 10°C min ~ on
the studied PLLA samples subjected to a previous annealing
at 37°C during different annealing times, t,, shown in the
graphics. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

min ' after quenching the sample to 30°C after the

first run, at ~100°C min !, to register the DSC curve
of the unaged sample. As the two curves are obtained
one after the other there is expected to be no effect of
instrument baseline drift on the calculation of the
enthalpy recovery. For a given experiment, the change
in enthalpy during physical ageing, AH, was deter-
mined by the area under the curve obtained by the
difference between the aged and unaged scans (see
later in the text). The integration was carried out be-
tween temperatures where the two curves overlapped,
below and above the ageing peak.

RESULTS AND DISCUSSION

Figure 2 shows the evolution of the DSC scans after
ageing the sample at 37°C during different times, f,.
As expected, the area of the endothermic peak of the
normalized heat flow curves increases with t,, due to
the increase of enthalpy recovery at T, = 37°C. More-
over, the peak position shifts to higher temperatures,
as the molecular mobility is reduced during ageing, as
a consequence of the reduction of the free volume,
being necessary to heat up to higher temperatures so
the conformational mobility may take place. Espe-
cially for higher t, a shoulder is seen in the high-
temperature side of the main endothermic peak. This
may be an indication that some extent of residual
crystallinity may exist in the material, developed dur-
ing sample preparation, despite the crystallization ki-
netics of PLLA being intrinsically slow.”’ 2° An argu-
ment for this observation is the presence of two endo-
thermic peaks, separated by ~5°C, for semicrystalline
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PLLA: the low temperature one corresponds to the
segmental dynamics of the bulk-like chains and the
high temperature one is assigned to the (constrained)
conformational mobility of the amorphous chains lo-
cated within the crystalline structure.®® In this work
the global structural relaxation of the material will be
analyzed and thus we will consider the molecular
motions of both bulk-like and constrained chains.

There are several models that enable to describe the
underlying structural relaxation process from experi-
mental DSC results obtained after different thermal
histories. Most of them are multi-parameter phenom-
enological models, including the Tool-Naray-
anaswamy-Moynihan,* ™ Scherer-Hodge,** ™ Ko-
vacs—Aklonis—Hutchinson—-Ramos,*® and the Gémez—
Monle6n®” models. A different and more simple
approach was introduced by Cowie and Ferguson,*>’
which attempts to predict the enthalpy lost on anneal-
ing to equilibrium, AH.(T,), by curve-fitting to the
experimental enthalpy data obtained at different age-
ing times and temperatures, AH(T,, t,). The Cowie—
Ferguson model considers that, at a given ageing tem-
perature, AH(T,, t,) is a self-retarding phenomenon
with a simple dependence with time. The progress of
the system towards equilibrium is described by the
function ®(¢) = [H(t)—H..]/[H,—H..], where H,, H(t),
and H,, are the initial, time = f, and equilibrium en-
thalpy values, respectively. The isothermal evolution
of ®(t) can be expressed by the following empirical
equation:

AH(T,t,) = AH.(T,)[1 — @(t,)] )

where AH,. represents the equilibrium enthalpy of
relaxation at t,— . The extent of relaxation, ®(f),
takes usually a stretched exponential form, given by
the so-called KWW equation:*°

D(t,) = exp[ — (t./7)P"] (2)

where 7 is the characteristic relaxation time such that
®(t,) = 1/e and Bxww (0 < Bxww = 1) is a parameter
that indicates the deviation from a pure exponential
behavior: Bgpw = 1. It must be noticed that the Cow-
ie-Ferguson model takes into account the nonexpo-
nential character of the glass transition dynamics, but
not the nonlinearity of structural relaxation, where 7
should change as ageing proceeds. Therefore, one
should not try to conclude too much from the absolute
values extracted; this model must be considered here
as a tool to perform an empirical fit and have a relative
perception of the relaxation kinetics.

The enthalpy loss between the aged and unaged
states at 37°C, AH(37°C, t,), was calculated by apply-
ing the following expression:
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Figure 3 Enthalpy relaxation at 37°C as a function of an-
nealing time (squares). The solid line is the fit according to
the Cowie-Ferguson model.

AH(37°C t) = f (CT) — C(THT

Ty

1 J “(dQu(T) 4

T qtm dt dt )dT (3)

where C,,(T) — C,(T) is the difference between the
experimental heat capacities of the aged and the un-
aged (reference) sample. The integral is evaluated be-
tween T, a temperature low enough in the glassy state
and a convenient temperature limit T, above T, in the
equilibrium phase. C,,(T) — C,(T) can be obtained
from the heat flux measured in the aged sample, 4Q,/
dt, and the heat flux of the reference sample (unaged,
ie, t, = 0),dQ,/dt, correcting for the heating rate, ¢
and the mass, m, as it is shown in eq. (3).

The values of AH(37°C, t,) were obtained from the
data of Figure 2, using eq. (3) (symbols in Fig. 3). The
solid line of Figure 3 is the nonlinear least squares fit
of the AH(37°C, t,) versus t, data using egs. (1) and (2)
and the Levenberg-Marquhardt algorithm. A good
fitting was obtained (R* = 0.99), with AH,, = 326 ] g~
and the KWW parameters shown in Table I. Obvi-
ously, AH., at 37°C should be highly dependent on the
crystallinity degree: we expect that this value will be

TABLE 1
Structural Relaxation Parameters at 37°C Probed by
Enthalpy Recovery (AH) and Microhardness (H,) Using
the KWW Model

7/min Brxww log ({7)/min)
AH 1600 0.37 3.83
H 3260 0.28 4.62
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Figure 4 Evolution of microhardness at room temperature
for samples previously annealed at 37°C, as a function of the
annealing time (squares: mean = SD, n = 10). The solid line
is the fit according to the Cowie-Ferguson model.

maximum for a full amorphous material, because
AC,(T,) is maximum in this case and AH., ~ (T, — T,)
AC,(Ty).

Parallel studies on PLLA have been performed to
elucidate on the glass transition dynamics, from DSC
experiments on samples after being subjected to dif-
ferent thermal histories below T,.*' The data was
treated using a physical model based on the concept of
configuration entropy”” and it was possible to extract
information on the temperature evolution of the char-
acteristic times and on the By parameter. Interest-
ingly, it was obtained Bxpy = 0.40 for a nearly amor-
phous PLLA*! that is close to what was obtained in
this work using the Cowie-Ferguson model on the
DSC data (Table I).

The KWW equation also enables to correlate the
data with the existence of a distribution of character-
istic times, where By quantifies the broadness of
the spectrum: small values of B imply a broad
distribution and a single time is reached when By
= 1. An average relaxation time () for the distribution
may be estimated using

(1) = 11 + 1/ Brww) (4)

where I' is the gamma function. The average relax-
ation time for enthalpy recovery is shown in Table I

A similar data treatment was also performed with
the microhardness measurements at 37°C after differ-
ent ageing times (Fig. 4). Values between 130 and 210
MPa were obtained, being typical for amorphous
polyesters.”> The magnitude of H, at short loading
times correlates, in a macroscopic viewpoint, with the
yield stress and the modulus of the material; it was
shown that a number of parameters, such as Young's
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modulus, shear viscosity, creep exponent, and activa-
tion energy for flow can be estimated from the analy-
sis of Vickers micro-indentation profile by means of
atomic force microscopy.*> On the other hand, H, is
related to the critical stresses required for irreversible
deformation of solidified molecular aggregates (e.g.,
crystalline lamellae or microfibrils), thus being a
bridge between bulk and microstructural quanti-
ties.">>*3 In a biomedical point of view, microhard-
ness measurements have been often used to probe
changes in the mechanical behavior of bone and bio-
materials. For example, microhardness shows correla-
tion with fracture toughness in bone of baboons with
different ages.** It was also showed that microhard-
ness measurements could be useful and effective to
probe osseointegration of implants.*>¢

Similarly to the enthalpy change upon ageing, the
evolution of microhardness at room temperature, after
ageing at T,, during a time f,, may be written as

Hv(Tarta) = Hv,O(Ta) + AHU(Ta)[l - (I)(ta)] (5)

where H, (T,) is the microhardness of the non-aged
sample and AH (T,) = H,, ..(T,)-H, ,(T,), being H,, ..(T,)
the equilibrium microhardness at t,— «. The combi-
nation of egs. (5) and (2) was used to fit the data in
Figure 4 (solid line) and the KWW-adjustable param-
eters are presented in Table I. The fitting also allowed
to obtain H,,(37°C) = 139 MPa and AH,(37°C) = 78
MPa. This indicates that microhardness in PLLA may
change more than 55%, relatively to the unaged ma-
terial, just as the results of physical ageing; note that
within the ageing times analyzed no significant
changes occurred in the thermal properties of PLLA
because of chemical degradation, as the second scans
(unaged samples) were very similar for all samples
analyzed. In a practical point of view, such results
provide evidences for a significant change in the me-
chanical behavior due to structural relaxation at body
temperature, that may be reflected in the general per-
formance of an implanted PLLA-based material, espe-
cially in the first weeks (see estimation of the time
scale of the relaxation in Table I). Note that the time
scale of physical aging is much shorter than the con-
ventional chemical degradation. It was reported that
amorphous PLLA specimens retained mechanical
properties for longer time than did semicrystalline
PLLA.* Amorphous PLLA would exhibit mechanical
stability for up to 12 weeks in vivo.*®

The estimated characteristic times for structural re-
laxation are different when probed by calorimetric or
microhardness measurements (Table I). This is also
reflected in the differences on the average value for the
distribution of relaxation times, (7). It would be suit-
able to predict the evolution of mechanical properties
from DSC data, as the protocols and data treatments
assigned to this technique are well established; more-
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over, the temperature control in DSC is excellent and
one may work with small amounts of samples. How-
ever, it has been demonstrated that the direct compar-
ison between relaxing properties is not trivial, not-
withstanding that the results result from the same
molecular mechanism;* as commented by Echeverria
et al., we may detect even contradictions, with some
researchers finding that the time scales are the same
for different properties, where some other groups
show that they differ.?

For example, for poly(methyl methacrylate), poly-
(styrene-co-acrylonitrile) and their blends, the relax-
ation times obtained from enthalpy recovery and vis-
coelastic measurements showed a similar dependence
on the ageing conditions.”® For polyetherimide, the
time scales to reach equilibrium for enthalpy and me-
chanical measurements (creep) were also found to be
the same, within experimental error.”’ However, for
poly(vinyl acetate), it was found that the mechanical
properties, probed by shear stress relaxation, reach
equilibrium before either volume or enthalpy;** also
from dynamic mechanical analysis, following the loss
factor, it was found that the evolution of the mechan-
ical behavior is faster than the enthalpy recovery in
poly(methyl methacrylate).”® In other situations, op-
posite conclusions were achieved: in poly(vinyl ace-
tate), the equilibrium relaxation times were found to
be smaller from enthalpy results an largest from dy-
namic mechanical analysis;>* in polystyrene it was
found that enthalpy recovery is faster than creep evo-
lution by about an order of magnitude;™ for low mo-
lecular glasses, it was found, for the case of amor-
phous selenium, that below T, the time for reaching
the equilibrium is shorter for enthalpy than for
creep.”® The results in the present work seem to be in
accordance with the last group of findings where the
evolution of the mechanical properties, monitored by
microhardness, is slower than the relaxation of en-
thalpy.

The stretch exponent, By is also different for the
two physical probes, suggesting a broad spectrum of
relaxation times for microhardness measurements.
Cowie et al. also reported different values of Bxyyy for
enthalpy and volume ageing.*” This finding demon-
strates that the structural changes upon physical age-
ing reflects differently on the properties “enthalpy”
and “microhardness.” As suggested by Echeveria et
al.,?® based on the work of Thurau and Ediger,56 the
differences in the time scales observed in macromo-
lecular properties could be assigned to divergences of
time scales for rotational and translational diffusion
due to the presence of dynamic special heterogeneities
at a molecular level. It is thus not straightforward the
direct relationship between the kinetics of structural
relaxation measured by different physical properties.
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CONCLUSIONS

It was shown that microhardness in low crystalline
PLLA changes significantly at 37°C due to physical
ageing: for the material analyzed, an increase above
55% may be observed in a time span of 15 days. This
may have implications in the mechanical performance
of amorphous PLLA-based implants in vivo, besides
the conventional chemical degradation, that take place
in a much longer time-scale. Besides the mechanical
properties, we expect that volume should change, al-
though in a low extent, with ageing time at 37°C,
which may be also relevant in some situations where
the geometry of the implant must be precise. The
studies in this work were performed in PLLA, but
physical ageing should also be present in any glassy
material exhibiting a glass transition temperature not
far above body temperature, such as poly(pL-lactide)
or copolymers of L-lactide and glycolic acid. It was
also possible to monitor the evolution of structural
relaxation of PLLA by DSC, and it was found that the
time scales of the evolution for microhardness and for
enthalpy are not coincident.
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