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Fast scanning chip calorimetry (FSC) allows subjecting polymer melts to well-defined vitrification, crystal
nucleation, and crystal growth pathways and, therefore, precise control of morphologies, from fully amorphous
glassy states to semicrystalline structures containing perfect crystals. Due to the required use of nanogram-sized
samples, needed to achieve high cooling rates, their mechanical properties, in order to establish structure-
property relations, are difficult to assess. In this work, indentation modulus and indentation hardness of FSC
samples are successfully determined on example of semicrystalline poly (L-lactic acid) (PLLA) containing
spherulitically grown disorder - or rather perfect a-crystals, with the correctness of the applied preparation and
analyses routes confirmed by nanoindentation measurements on milligram-sized samples prepared through
hotstage microscopy, and by applying both static single-step and quasi-continuous stiffness measurements.
Modulus and hardness data are consistent with prior analyses of bulk samples, confirming that semicrystalline
PLLA containing a-crystals exhibits around 10-20 % higher values of these properties compared to PLLA con-
taining o'-crystals, related to the different molecular-chain packing in the crystal lattice. This work demonstrates
that combination of FSC and nanoindentation techniques is an effective tool for determining mechanical prop-
erties of samples solidified at specific thermal pathways which otherwise cannot be realized.

1. Introduction [11-13]. These can include gradients in the crystallinity, the orientation
and morphology of crystals, or even their polymorphic state, affecting
mechanical properties, which typically represent then an average of

different contributions when measured e.g. by classical tensile

Knowledge of the properties of polymers is crucial for customizing
their macroscopic behavior to meet specific application requirements.

Among those, the mechanical properties are of superior importance for
many engineering but also daily-life uses, which, for a given polymer,
depend on the supermolecular structure/morphology. This includes the
fraction, structure, size, and spatial arrangement of crystals in case of
semicrystalline polymers, or the structure of the glass in case of amor-
phous polymers [1-6]. All of these structural features are controlled and
adjustable by the conditions of solidification/crystallization of the melt,
for example the cooling rate [7-10].

Mechanical properties of polymeric materials often are obtained
from macroscopic bulk samples, prepared, for example, by injection
molding. However, due to the combined action of shear and cooling
during processing, being different in the various locations of a molding,
often gradient-structures develop, well known as skin-core morphology
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stress-strain testing [14-16], not allowing to obtain well defined
structure-property relations. Attempts to assess the local properties of
such gradient-samples include preparation and analysis of sliced thin
sections [17-19], or pm-scale position-resolved indentation tests [20,
21]. Alternatively, to avoid the need of analysis of inhomogeneous
samples, structure-gradient-free films of rather low thickness with a
specific solidification history, including conditions as in melt processing,
were investigated [22-26]. However, both analysis routes for obtaining
structure-specific mechanical properties, that is, preparation of speci-
mens from conventionally melt-processed macroscopic samples, or of
rather thin films (of the order of magnitude of few 10-100 pm, to assure
absence of structural gradients), lack realization of well-defined solidi-
fication conditions. Application of instrumentation, which subjects
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small samples to precise cooling/solidification profiles, as is available
with fast scanning chip calorimetry (FSC) [27], may overcome this
shortcoming.

FSC, due to the low mass of samples of the order of magnitude of few
to 100 ng, and due to the smallness of the calorimeter, permits heating
and cooling at rates up to —depending on the specific instrumentation
used— 10% K/s [27-29], covering the conditions typically evident in
polymer processing [30-34]. With this opportunity, starting from the
relaxed melt, any structural state —from glasses of different meta-
stability to semicrystalline states containing crystals formed at any
supercooling— can be adjusted. While calorimeters mainly serve for
precise measurement of heat-flow rates from/to samples in response to
an imposed thermal profile [35], there is increasing interest to analyze
FSC samples, both in- and ex-situ, by complementary tools for gaining
additional information about the structure. These include
polarized-light optical microscopy [36,37], atomic force microscopy
[38,39], electron microscopy [40,41], wide- and small-angle X-ray
scattering [42-44], or infrared spectroscopy [45,46]. With that, detailed
structure information of specifically solidified materials is available,
however, to the best of our knowledge, mechanical analysis of FSC
samples is not yet reported, being therefore subject of the present work.
The small size of the FSC samples —being at best few pm thick and few
ten pm wide— exclude classical macroscopic testing methods for char-
acterization of their mechanical behavior rather than requires applica-
tion of techniques operating at the nanometer length scale. Among
those, nanoindentation appears being a promising tool as it allows
assessing mechanical properties at specific positions, at least, at the
pm-scale, and, importantly, requires only small area/volume for mea-
surement [47-49].

In this work, we use poly (L-lactic acid) (PLLA) for testing the
application of nanoindentation measurements for gaining information
about the mechanical behavior of FSC samples. PLLA is a biobased and
biodegradable polymer produced by polycondensation of plant-based
lactic-acid monomers derived from corn, potatoes, and sugarcane re-
sources [50-52], and its glass transition temperature (Tg) and equilib-
rium melting temperature (T, o) are about 60 and 200 °C, respectively
[53-55]. PLLA is a rather slow crystallizing polymer [56-58] and ex-
hibits crystal polymorphism [59,60]. Melt-crystallization at tempera-
tures below about 100 °C or higher than 120 °C leads to formation of o'
or a-crystals, respectively, while both crystal forms grow between 100
and 120 °C [61-63]. The a-phase exhibits an orthorhombic crystal
structure [64,65], while the unit cell of «-crystals is orthorhombic [65,
66] or pseudo-hexagonal [67,68]. In the o-crystal polymorph, distances
between neighbored molecules are slightly larger compared to the
a-phase, and the chains contain conformational defects/distortions
[67-69], causing a decrease of the temperature and enthalpy of melting,
and affecting all material properties [70-73]. The mechanical properties
depend on the crystal fraction in the overall semicrystalline structure,
with PLLA containing a-crystals showing a higher Young’s modulus and
lower elongation at break than PLLA containing disorder o’-crystals
[73-75]. Moreover, analysis of samples of different crystallinity, in
combination with modelling or extrapolation procedures, allowed
assessing Young’s modulus of the individual crystal phases [75,76].
Though different values were obtained in the various studies, data
consistently proof a higher value of Young’s modulus of a-crystals
compared to o’-crystals, being in qualitative agreement with theoretical
calculations [77,78]. Our own work employed isotropic and
gradient-free films for analysis of Young’s modulus, with the crystal-
linity adjusted in a wide range from zero to about 75 %, and assuring
identical superstructures of samples containing different crystal poly-
morphs, achieved using special nucleation, crystallization and
crystal-reorganization pathways [76]. As such, values of Young’s
modulus of about 3.7 and 4.6 GPa for isotropic aggregations of «’- and
a-crystals —both being of lamellar shape [79]— respectively, were
suggested. These values are only slightly higher than Young’s modulus
of the unaged amorphous PLLA glass of around 3.0 GPa, which,
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however, slightly increases over time during physical aging [6,76,
80-82].

Based on this information, PLLA containing different crystal poly-
morphs is selected serving as test object for analysis of indentation
modulus and hardness by nanoindentation on nanogram-sized samples
after preparation/crystallization along specific thermal pathways in an
FSC. As such, also a comparison of intraspherulitically observed local
mechanical properties (by nanoindentation) and global mechanical
properties obtained (by dynamic-mechanical analysis) as average value
of polyspherulitic macroscopic films, available in the literature [76], is
possible. In addition, we applied nanoindentation on microgram-sized
samples prepared by hotstage microscopy, to assure reliability of mea-
surements performed on FSC samples.

2. Experimental
2.1. Material

An extrusion grade PLLA from Corbion (The Netherlands), delivered
in form of pellets, was used in this work. It is a homopolymer containing
less than 1 % p-isomers, and has a melt-flow rate of 8 g/(10 min)
(210 °C/2.16 kg) [83]. The mass-average molar mass of the used poly-
mer is 120 kg/mol [84].

2.2. Preparation of samples by hotstage microscopy

Thin sections with a thickness of about 50 ym and a lateral width of
2-3 mm were prepared from the cross section of as-received pellets
using a CUT-5062 rotary microtome (Slee, Mainz, Germany), placed
onto a circular glass, and then put onto a THMS600 hotstage (Linkam,
Tadworth, United Kingdom). The hotstage was attached on the sample
stage of a DMRX polarized-light optical microscope (POM) (Leica,
Wetzlar, Germany). After preparing the samples at defined protocols
(described in detail below), we captured an overview of their structures
at room temperature using a Nikon DS-Fi3 camera attached to an Eclipse
LV100 N POL optical microscope (Nikon, Diisseldorf, Germany) in
transmission mode, using crossed polarizers. The Results and Discussion
section, below, provides further details regarding the thermal profiles
applied to obtain different polymorphic structures.

For nanoindentation experiments, the circular glass with the sample
on top was fixed onto a cylindrical steel-stub, serving as sample stage/
holder, using CrystalBond™ 555 (polyolefin wax). For this, first the
steel-stub was heated on a hotplate to 57 °C, being slightly above the
melting temperature of the adhesive, and afterward, it was distributed/
melted by rubbing it on the hot surface of the steel-stub. Then, imme-
diately after removal the steel sample holder from the hotplate, the
circular glass with the samples was gently pressed onto the still molten
CrystalBond™ 555 film, followed by natural cooling to room tempera-
ture by the surrounding atmosphere, allowing solidification of Crys-
talBond™ to function as an adhesive between the glass and the sample
holder. It is important noting that the melting temperature of the
selected CrystalBond™ adhesive is slightly lower than the glass transi-
tion temperature of PLLA. Thus, reheating the sample while gluing the
glass substrate to the metal stub does not alter the supermolecular
structure of the polymer.

2.3. Preparation of FSC samples

For crystallization experiments, we used a Flash DSC 2+ (Mettler-
Toledo, Greifensee, Switzerland) in combination with (conditioned and
temperature-corrected [85]) UFS 1 chip sensors, with the instrument
connected to an intracooler TC100 (Huber, Offenburg, Germany), as-
suring a constant sample-support temperature of —90 °C for fast and
controlled cooling of samples and realization of melt-crystallization
along well-defined thermal pathways. The sensor compartment was
purged with nitrogen gas at a flow rate of about 40 mL/min, to avoid
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thermal-oxidative degradation of the polymer and moisture condensa-
tion. Thin sections with a thickness of about 20 pm were cut from the
as-received PLLA pellets with a microtome (Slee, Mainz, Germany) and
then their lateral size was reduced to few hundred micrometers, to not
exceed the heatable area of the sensor. A thin layer of silicone oil,
distributed on the sensor membrane prior loading a sample served to
improve the thermal contact. For ex-situ observation of the micro-
structure of the FSC samples after crystallization, we employed an
OPN-184 microscope (Kern, Bahlingen, Germany) in reflection mode,
using crossed polarizers. A DFK 33UX252 digital camera (Imag-
ing-Source, Bremen, Germany), attached to the microscope, allowed
taking micrographs of the samples.

Analysis of mechanical properties of FSC samples by nano-
indentation requires a separate preparation step since the sample typi-
cally is not removable from the active/heatable area of the UFS 1 sensor.
For illustration, Fig. 1 shows a schematic view of the sensor cross-section
(top), a photograph of the sensor showing the sample and reference
furnaces embedded in a ceramic support (bottom left), and a photograph
of a typical polymer sample placed on the heatable area of the sample
furnace (bottom right); further sensor images are available in the liter-
ature [86,87]. The sketch at the top shows that the sample is located on a
freestanding silicon nitride/oxide membrane with a thickness and area
of 2.1 pm and 1.6 x 1.6 mm?, respectively, containing resistance heaters
and thermopiles for temperature measurements. The circular active area
is located in the center of the membrane, with a diameter of 500 pm,
containing an aluminum coating, for achieving a rather homogeneous
temperature field [86-88]. The bottom-left photograph illustrates that
the UFS 1 sensor contains two thermally decoupled furnaces, serving as
sample and reference calorimeters, all embedded in a silicone frame and
ceramic support for easy handling. Further details about the UFS 1 are
available elsewhere [86,87,89].

Direct measurement of mechanical properties of FSC samples by
nanoindentation is complicated due to the fragility and mechanical
instability of the membrane but also the height difference of around 1
mm between the ceramic support and the sample surface, not allowing
proper positioning of the nanoindenter. Loading samples on the back-
side of the sensor membrane may avoid the geometrical constraint of
reaching the sample surface with the indenter, however, the mechanical
instability of the membrane still requires placing it onto a solid and

ceramic
support
Thickness 10 pm
Width 100 pm
51hcon 1
frame SaInp:€) heater
thermopile alummum [ ——
bonding wire coating

Thickness 2.1 um

1.6x1.6 mm? .

Fig. 1. UFS 1 chip sensor used for preparation of PLLA for subsequent analysis
of indentation modulus and hardness. Schematic view of the sensor cross-
section (top), bottom view of the sample and reference calorimeters (bottom
left) and typical polymer sample in the center of the heatable area of the sensor
(bottom right). Images adapted with permission from Refs. [87,90,91].
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Fig. 2. Schematic of a UFS 1 chip sensor (including the sample under investi-
gation) mounted at 57 °C on a steel-stub/sample holder using CrystalBond™
555 as adhesive (bottom). UFS-1 chip sensor membranes (with sample) after
removal of the ceramic frame at ambient temperature (top).

sufficiently stiff substrate. Therefore, we removed both the ceramic
support and silicon frame and adhered the membrane, containing the
sample, to the steel sample holder, as illustrated with Fig. 2. First, the
bonding wires, connecting the membrane and electrical contacts at the
ceramic frame (see Fig. 1, bottom left) were removed. Then, similar as in
case of preparation of hotstage-crystallized samples for nano-
indentation, CrystalBond™ 555 served as adhesive for mounting the
chip sensor at its backside at 57 °C. After cooling to ambient temperature
—causing solidification/crystallization of the adhesive— we pulled off
the ceramic and silicon frames, leaving only the sensor membrane with
the sample on the metal sample holder. Fig. 2 shows in the bottom part a
sketch of the UFS-1 chip sensor (including the sample under investiga-
tion) as mounted at 57 °C, using CrystalBond™ 555 as adhesive, on the
steel sample holder of the nanoindenter-device described below. The top
part is a photograph of the UFS-1 chip sensor sample- and reference-side
membranes (see yellow framed areas), containing the sample, after
removal/pulling off the ceramic frame at ambient temperature.

2.4. Nanoindentation

We employed a ZwickRoell ZHN nanoindenter (Ulm, Germany) for
analysis of the mechanical properties of PLLA samples. The measure-
ments were performed at room temperature using a Berkovich indenter
(tip radius <200 nm, Young’s modulus 1140 GPa, Poisson ratio 0.07)
and applying two different measurement protocols to ensure reliability
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Fig. 3. Load-time profiles for nanoindentation experiments using force-
controlled single cycle (black) and strain-rate controlled quasi-continuous
stiffness measurement (gray) modes. Axis numbers only hold for single-step
measurements.

of observed data and to obtain additional information about the depth-
dependence of properties. Fig. 3 shows the load-time profiles of a force-
controlled quasi-static single-cycle test (black curve) and a strain-rate
controlled dynamic quasi-continuous stiffness measurement (QCSM)
(gray). Regarding the single-cycle test [92], after an initial
surface-approach segment, the load is linearly increased to a maximum
value of 5 mN within 15 s, kept constant for 30 s to detect possible creep,
followed by unloading at the same rate as loading was done. We per-
formed experiments with and without a second holding-step of 20 s at 10
% of the maximum force, which, however, revealed only negligible ef-
fect on modulus data because it was not used for thermal drift correction
and had no influence on the slope of the unloading curve. Averages of
the analyzed mechanical properties of the various phases of PLLA were
determined based on 20 to 80 individual measurements.

In QCSM tests, a dynamic force is superimposed to the static force by
a sinusoidal oscillation. The method uses a stepwise loading with the
oscillation turned off between the static load steps. Oscillation starts
only when the predefined force step is reached. 40 load steps (points) up
to a maximum force of 20 mN have been used employing an exponential
loading function, resulting in a constant strain rate of about 0.02 1/s. 30
points have been measured during the creep step of 60 s while keeping
the force constant at 20 mN. The oscillation frequency was 40 Hz, the
dwell time per point was 1.4 s, and the displacement amplitude varied
between 1.5 and 3 nm.

In QCSM mode, the force of every single point is exactly controlled
and therefore all points in the loading segment experience the same
force in repeated tests within a few-puN accuracy so that an averaging of
several measurements is allowed. The given results represent average
data from 6 to 10 single measurements. The error bars indicate the
statistical uncertainty obtained from the standard deviations of depth,
force, time and stiffness per point. In contrast to a single-cycle mea-
surement, a QCSM measurement provides the indentation hardness and
indentation modulus as a function of the penetration depth [92-95].
However, the indentation hardness is the hardness before creep (beside
the points from the creep segment) while single-cycle measurements
always yield the hardness after creep. For the calculation of the
modulus, we assumed a Poisson’s ratio of PLLA of 0.35.

The conventional evaluation of the load—displacement curves, using
the slope of the unloading segment, was done according to the standard
ISO 14577:2015 (Oliver and Pharr method with additional radial
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displacement and variable epsilon factor correction) [96-98]. The
indentation modulus corresponds to Young’s modulus when disturbing
effects like pile-up or sink-in can be neglected.

All nanoindentation tests were performed on samples aged for
several days, to assure a quasi-metastable structural state and allowing
therefore comparison of mechanical properties.

3. Results and discussion

3.1. Nanoindentation of hotstage-prepared PLLA samples containing
different crystal polymorphs

Fig. 4 shows temperature-time protocols for preparation of PLLA
films/sections of 50 pm thickness placed on glass coverslips, serving as
substrate. The two thermal profiles allow generation of multiphase
structures containing different crystal polymorphs and amorphous
glassy phases in different environments, all expected to exhibit different
mechanical behaviors. First, the thin sections were heated to 220 °C,
that is, to above T, o [53,54], and equilibrated at this temperature for 3
min. This step is followed by isothermal crystallization of the melt at
140 °C for 90 min (see red segment), with the crystallization tempera-
ture approached by fast cooling the melt at 50 K/min, suppressing
non-isothermal crystallization [99,100]. Crystallization at 140 °C for 90
min yields spherulitically grown lamellar a-crystals, however, with the
pre-selected crystallization time of 90 min too short to achieve a
space-filled spherulitic structure, leaving non-crystallized material
outside the spherulites for further thermal treatments, as illustrated with
pathways (a) or (b) in Fig. 4. Quenching the sample to room temperature
(RT), as realized with path (a), that is to below T; of about 60 °C
[53-55], caused vitrification of non-crystallized material in both inside
and outside the spherulites. In case of pathway (b), after crystallization
at 140 °C and rapid cooling the sample to 90 °C at 50 K/min, the still
available interspherulitic space was allowed to continue to crystallize
for 120 min, however, leading now to space-filling formation of spher-
ulitically grown disorder o'-crystals (see blue segment). The preparation
of samples containing different structures, we consider advantageous for
comparison of their mechanical properties, due to minimizing errors, e.
g., when using different substrates or samples of different thickness.

Fig. 5 shows with the left and right POM-images examples of the
micrometer-scale structure of PLLA crystallized along the thermal
pathways (a) and (b) of Fig. 4, respectively. As such, the left image re-
veals the presence of rather large spherulites with a diameter of about

a-crystal formation
o’-crystal formation

220°C, 3 min

140°C, 90 min

90°C, 120 min

Temperature

Time

Fig. 4. Temperature-time protocols for preparation of PLLA containing
a-crystals and intra- and interspherulitic amorphous structure [path (a)] and
a-crystals, o-crystals, and intraspherulitic amorphous structure [path (b)], both
prepared by hotstage microscopy.
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Fig. 5. POM images of PLLA samples prepared by hotstage microscopy, crystallized according to temperature-time protocols/pathways (a) (left image) and (b) (right
image) (see also Fig. 4). The scale bar holds for both images, and the polarizer directions are oriented parallel to the image borders as indicated to the left of the

scale bar.
5 k- — a-spherulites -
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Fig. 6. Force-displacement curves obtained by the quasi-static single test
method on PLLA sections with a thickness of 50 pm on a glass substrate, pre-
pared along the crystallization pathways (a) and (b) in Fig. 4.

0.5 mm, containing a-crystals formed at 140 °C and intraspherulitic
amorphous structure, both not resolvable by optical microscopy but
higher magnification imaging techniques [79]. These spherulites are
embedded in glassy amorphous (interspherulitic) PLLA, as was achieved
by quenching the polymer to below Tg, appearing black when imaged
with crossed polarizers.

In case of the sample prepared along pathway (b), similarly large
spherulites containing a-crystals are present, which, however, are now

Table 1

neighbored by distinctly smaller spherulites with a size of the order of
magnitude of only 10 pm, as formed by the additional crystallization
step at 90 °C, containing disorder «-crystals and amorphous structure.
Note that the increase of the number of crystal nuclei on lowering the
crystallization temperature causes the difference in the size and number
of spherulites grown at 140 and 90 °C [101].

Samples as shown in Fig. 5 are then used for position-resolved
nanoindentation measurements for analysis of the hardness and
modulus (i) of glassy amorphous PLLA (black area in the left image of
Fig. 5), (ii) of (large) spherulites containing a-crystals and intra-
spherulitic glassy amorphous structure, and (iii) of (small) spherulites
containing disorder o-crystals and intraspherulitic glassy amorphous
structure. Again, as the structure of the amorphous glass depends on
time, affecting mechanical properties, samples were stored at ambient
temperature for several days, assuring a close-to metastable structural
state [6]. In addition, with the thermal profiles of Fig. 4, we achieved
that the (local) crystallinity in spherulites containing either o- or
a-crystals is similar —being around 60 %— since these spherulites were
not subjected to extended secondary crystallization at the crystallization
temperature.

Fig. 6 shows sets of force-displacement curves, obtained by the quasi-
static single-cycle method, of PLLA samples crystallized along the
crystallization pathways (a) and (b) (see Fig. 4). Red and blue curves are
related to indentations within a- and o-spherulites, respectively, while
the gray curves were collected by indentation into the bulk amorphous
interspherulitic glass (see also Fig. 5). Albeit curves, which are associ-
ated to a specific structure, exhibit statistics, obviously the various
analyzed structures show a different mechanical behavior, as seen by the
different displacement/indentation depth at the maximum applied load
of 5 mN. Visual inspection of the curves suggests that the modulus and
hardness of a-crystals containing spherulites is larger than in case of
spherulites containing o/-crystals or in case of the bulk (interspherulitic)
amorphous glass. In detail, the average hardness and indentation

Indentation hardness and modulus of bulk (non-intraspherulitic) amorphous structure and semicrystalline PLLA spherulites containing different crystal polymorphs
prepared by hotstage microscopy and analyzed via single-cycle and QCSM test methods. The data obtained from the QCSM method correspond to the last right points in

Fig. 7.
Sample Single-cycle method QCSM method
Hardness (GPa) Modulus (GPa) Hardness (GPa) Modulus (GPa)
Bulk amorphous phase 0.20 + 0.01 4.7 £0.1 0.19 + 0.01 5.0 +£0.1
o-form spherulites 0.25 + 0.04 4.8 +£0.3 0.22 + 0.01 4.9 +0.2
o-form spherulites 0.30 + 0.03 6.0 + 0.4 0.26 + 0.08 5.8+0.1
o-form spherulites (by reorganization) - - 0.26 + 0.01 5.6 £0.2
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modulus of a-spherulites are 0.30 and 6.0 GPa, respectively, for
o-spherulites 0.25 and 4.8 GPa, and for the bulk amorphous glass 0.20
and 4.7 GPa. More information, including errors, is provided in Table 1,
below, together with data obtained by QCSM.

The higher modulus/hardness for PLLA containing the more perfect
a-crystals, compared to PLLA containing disorder o'-crystals, is expected
from prior, macroscopic mechanical tests, and is related to their higher
intrinsic stiffness [75-77]. Furthermore, from these prior experiments, it
is also expected that the amorphous glass has a lower modulus than
semicrystalline structure [76,77,102], which is also observed here.
However, regarding the rather small difference of the modulus of the
amorphous glass and spherulitic structure containing o-crystals, it
should be noted that all samples were analyzed after long-term storage
at ambient temperature, slightly below the glass transition temperature.
This causes physical aging including enthalpy-relaxation and densifi-
cation of the amorphous glass, increasing both hardness and modulus by
10-20 % [5,6], justifying the experimental observations here.

The reproducibility of observations described above, we confirmed
by performing analyses on up to four individual samples and in-
dentations in different sample areas. The reliability of data obtained by
single-cycle nanoindentation tests, we checked furthermore by QCSM
experiments, with the particular intension to exclude errors due to the
indentation-size effect [103-105]. The indentation-size effect describes

a-crystals by
reorganization

! a-crystals by melt-

I crystallization

= 05
&
o 04
(]
£ 0.3
= .
S
©
I 02+
-a- a-spherulites (from melt)
g a-spherulites (by reorganization)
5 8 r -o- o’-spherulites
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b
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2
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Fig. 7. POM images of the pm-scale structure of PLLA containing o’-crystals
grown from the melt at 90 °C (A) (left), and of PLLA containing a-crystals
formed by direct transformation of the melt at 130 °C (B1) (center), or by a
solid-solid phase transformation of o-crystals (B2) (right) (top). The scale bar
holds for all images and the polarizer directions are oriented parallel to the
image borders. Hardness and indentation modulus of different PLLA structures,
as indicated in the legend, as a function of the indentation depth/displace-
ment (bottom).
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the increase of the hardness and modulus with decreasing depth of
indentation below few pm. Since the maximum load of 5 mN in the
single-cycle test gave only a maximum displacement of the indenter of
about 1 pm (see Fig. 6) no statement can be made about a variation of
hardness with depth. This, however is possible by the QCSM
measurements.

Fig. 7 shows in the top part different semicrystalline morphologies of
PLLA, again prepared using the hotstage-sample-preparation route. The
left image (A) reveals the structure of semicrystalline PLLA containing
spherulitically grown o-crystals obtained by isothermal melt-
crystallization at 90 °C until space filling, while the center and right
micrographs show the structure of PLLA containing a-crystals, prepared
by two different routes. Direct transformation of the melt at 130 °C, as
illustrated with image (B1), caused growth of rather large spherulites,
similar as in case of the experiment described with Fig. 5. As demon-
strated with the POM image (B2), it is also possible to obtain a-crystals
by reorganization of o'-crystals by a solid-solid crystal transformation
involving only local-scale rearrangements of the molecular chains in the
crystal phase and preserving therefore the microstructure [62,79,106].
For this, sample (A) was annealed in the proximity of the melting tem-
perature of the o-crystals (150-155 °C [71]) for 20 min. Purpose of
preparing PLLA containing a-crystals along different thermal pathways
is excluding any effect of the pm-scale morphology on mechanical
properties evaluated here. Samples as exemplary shown in the top part
of Fig. 7 were then subjected to QCSM nanoindentation experiments,
with the obtained hardness and indention modulus shown as a function
of the displacement in the lower part of the figure. In addition, a fully
amorphous sample was included, prepared by quenching the melt from
220 °C to below Ty, followed by long-term storage at ambient temper-
ature to allow physical aging. The hardness and indentation modulus at
each indentation depth are average values based on multiple (6-10)
measurements per sample, providing the error bar. The hardness drop at
the right side of the curves is depicting the hardness reduction during the
creep time of 60 s and the last point of the curve is identical to the results
from the conventional analysis of the unloading curve. For all samples of
different structure, an indentation-size effect is detected for indentation
depths lower than about 0.5-1 pm (see gray shaded displacement
range), confirming that data obtained from single-cycle measurements
(Fig. 6) are reliable from this point-of-view. Otherwise, also QCSM re-
veals higher hardness and modulus values for PLLA containing a-crys-
tals, regardless whether grown directly from the melt (red triangles) or
formed via reorganization of o-crystals (light-red diamond symbols),
compared to PLLA containing o-crystals (blue circles) or fully amor-
phous glassy PLLA (black squares).

Table 1 is a summary of hardness and modulus values obtained on
hotstage-prepared PLLA samples of different structure, confirming
reproducibility and absence of an indentation-size effect when using the
standard single-cycle and QCSM test methods. PLLA spherulites con-
taining a-crystals exhibit about 20 % higher hardness and modulus than
spherulites containing o-crystals, or the bulk amorphous glass, sub-
jected to physical aging prior analysis. These results qualitatively
confirm studies of phase-sensitive mechanical properties obtained by
global/macroscopic mechanical tests reported elsewhere [75,76], and
serve as a reference for performing nanoindentation tests on FSC sam-
ples described below.

3.2. Nanoindentation tests of FSC samples

Fig. 8 presents temperature-time profiles for preparation of PLLA
samples containing different crystal polymorphs using FSC via two
different crystallization pathways, (c) and (d), as indicated. Crystalli-
zation pathway (c) serves for spherulitic growth of a-crystals at 140 °C
(see red segment), which, however, is difficult if the crystallization
temperature is directly approached by cooling the relaxed melt, related
to the low number of nuclei in the tiny FSC samples. For this reason, an
additional nucleation step at 60 °C is included in the thermal profile,
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Fig. 8. Temperature-time protocols for preparation of semicrystalline PLLA
spherulites on FSC chips, containing both a-crystals and amorphous structure
[path (c)], and spherulites containing both o'-crystals and amorphous structure
[path (d)].

followed by a further control/fine-tuning of the nuclei number with a
short temperature spike on the transfer of nuclei to the growth tem-
perature, to precisely adjust the nuclei number and with that the
spherulite size [107-110]. The use of the nucleation path prior to the
crystallization process at higher temperatures results in smaller struc-
tures due to an increase in the nuclei density and smaller spherulites
with a diameter of about 10 pm (not shown). Formation of small
spherulites causes a non-smooth and uneven/locally curved sample
surface being disadvantageous for nanoindentation measurements. The
specific nucleation path wused, finally, assured formation of a
well-defined number of rather large spherulites, yielding a less curved
sample surface. Worth noting that both the nucleation step (60 °C, 300 s)
and nuclei-transfer step (green) including the transfer heating rate of
300 K/s and the temperature/time of the spike, were subject of intense
prior research for understanding homogeneous crystal nucleation in
PLLA, being not chosen arbitrarily. The thermal protocol (d) served for
spherulitic growth of o'-crystals, with an additional nucleation step not
needed due to the higher —compared to 140 °C— nucleation rate.
Importantly, as in case of hotstage-prepared PLLA samples, the local
crystallinity of spherulites containing a- and «-crystals is assumed
similar since samples were not subjected to extended secondary crys-
tallization at the temperature of primary crystallization.

Fig. 9 shows POM images of semicrystalline PLLA containing
spherulites with a-crystals (left) or o/-crystals (right), together, in both
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cases, with amorphous structure, prepared on FSC chip sensors via the
crystallization pathways (c) and (d) (see Fig. 8), respectively. The top
right inset provides a full view of the samples, while the main images
show the structure at higher resolution. Note that the scale bar holds for
both images, (c) and (d). The micrograph of PLLA crystallized at 140 °C
(left), containing a-crystals displays large spherulites with a diameter of
about 150 pm, adjusted by the specific nucleation path (see left
temperature-time protocol in Fig. 8). In case of PLLA crystallized at
90 °C, to allow growth of the o/-phase (right image), spherulites with a
diameter of, at best, a few ten pm developed, being typical for PLLA
[101].

The samples shown in Fig. 9 served for conduction of nano-
indentation measurements using the QCSM mode after loading them
onto the sample holder of the nanoindenter device, as described in the
experimental section. Multiple indentation experiments in the center
area of the samples yielded average values of the hardness and inden-
tation modulus of 0.42 and 5.8 GPa for PLLA-spherulites containing
a-crystals and 0.26 and 5.4 GPa for PLLA-spherulites containing

-o— a-spherulites
-0~ o’-spherulites

1.5

1.0 | @

OOOOOOQ.Q_O_%

%mm

Hardness (GPa)

042 +0.12 GPa
0.26 £ 0.01 GPa

5.8+ 1.8 GPa
5.4 0.3 GPa

0.0 0.5 1.0 1.5 2.0
Displacement (um)

Indentation modulus
[6;]
T

Fig. 10. Hardness (top) and indentation modulus (bottom) of PLLA spherulites
containing —beside amorphous structure— a-crystals (red circles) or «-crystals
(blue squares). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 9. POM images of PLLA samples prepared in an FSC, crystallized according to the temperature-time protocols/pathways (c) (left) and (d) (right) (for the
temperature-time protocols see also Fig. 8). The scale bar holds for both images, and the polarizer directions are oriented parallel to the image borders as indicated in
the left image. The insets provide a full view of the samples. The sample thickness is about 20 pm.
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o/-crystals, respectively. Fig. 10 shows in the top and bottom parts the
hardness and indentation modulus, respectively, for the PLLA spheru-
lites with a-crystals (red circles) and o-crystals (blue squares) as a
function of the displacement, for illustrating the indentation-size effect.
For PLLA containing a-crystals, similar as in case of hotstage-prepared
samples (see Fig. 7), hardness and modulus decrease with increasing
penetration-depth, to approach a plateau value only after about 1.5 pm.
In addition, data show large scatter. A reason may be the rather large
concave curvature of the sample surface parallel to the radius of the
spherulites from the center to their edge, due to the volume shrinkage
during crystallization, yielding a thickness-wise uneven though smooth
surface. Due to this issue, we often observed asymmetric triangle-shaped
impressions complicating the analysis. In contrast, indents in PLLA
containing «-crystals were symmetric, causing less scattering of hard-
ness and modulus values and an indentation-size effect is also not
observed. Despite the rather low thickness of the FSC-samples may cause
complications, the observed hardness and modulus values are in quali-
tative agreement with results obtained on both hotstage-prepared
samples (see Table 1), and —perhaps even more important— also
with the expectations based on independent analyses using different
instrumentation (dynamic-mechanical analysis).

4. Summary

The pathway of solidification/crystallization the melt, and related
semicrystalline morphologies, affects for many polymers ultimate and
application-relevant properties. Therefore, understanding the link be-
tween solidification conditions, structure, and properties is a key issue in
material development. Many studies focused on analysis of the relation
between crystallization conditions and resulting structures at thermal
conditions as evident in melt processing, by employing the rather novel
fast-scanning-chip calorimetry (FSC) technique and its combination
with classical structure-analysis tools. Knowledge of mechanical prop-
erties of the typically nanogram-sized samples used in such analyses is
absent so far, however, is needed to establish clear-cut structure-prop-
erty relationships. For this reason, in this work, we used the nano-
indentation technique for assessing both hardness and indentation
modulus of a typical FSC sample of known crystallization behavior,
structure, and mechanical characteristics. We employed PLLA as a test
object, known to crystallize in different crystal structures as a function of
the crystallization temperature, as well as to fully preserve the amor-
phous state on fast cooling to below the glass transition temperature. We
presented a strategy to prepare samples for the nanoindentation tests,
such to transfer the FSC specimen, which solidified on a thin free-
standing membrane, onto a solid and stiff steel-substrate, being a pre-
requisite for the subsequent nanoindentation measurements. With ana-
lyses performed on 20 pm thick samples, we were able to reproduce/
confirm modulus values of around 5.8 and 5.4 GPa for semicrystalline
PLLA spherulites containing either rather perfect (higher density) a- and
disorder (lower density) o-crystals, respectively. With the assumption of
a similar local crystal fraction within the spherulites, the observation of
a lower modulus of PLLA containing «-crystals is in agreement with
independent, global/macroscopic scale studies.

In conclusion, combining FSC for precise control of crystallization
pathways and obtaining of well-defined morphologies in polymers on
one side, and nanoindentation for assessing mechanical properties of
nanogram-sized samples on the other side, appears promising. However,
though first experimentally observed quantitative results agree with
expectations, there remain numerous questions, to be subject of further
work. Among those, beside instrumental issues, analysis of the effects of
crystal orientation, of crystallinity gradients within spherulites, or of
different structure and properties in surface-near and -far regions, to
name only a few, require further investigations.
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