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Abstract. The effects of the thermal treatment and nucleating agents on the morphology, crystallinity, and mechanical prop-
erties of poly(lactic acid)/poly(e-caprolactone) (PLA/PCL) blends were studied in order to obtain PLA/PCL blends with
both high stiffness and toughness. The standard thermal treatment of the melt-mixed blends (a compression molding without
annealing) resulted in the systems with optimized morphology (at PLA/PCL ratio 80/20) and very high toughness (ca 16x
higher with respect to neat PLA), but the stiffness at elevated temperatures (above T, of PLA at 65°C) was low due to the
low crystallinity of the PLA matrix (<10%). The compression molding with annealing at 110°C could increase the crys-
tallinity of PLA (up to ~40%), but the toughness decreased steeply due to morphological changes (a coalescence of PCL
particles associated with the structure coarsening). The lowering of the annealing temperature (to 80 °C) and addition of the
PLA nucleating agent (1 wt% of talc) led to the blends showing both high toughness (9x with respect to neat PLA) and crys-
tallinity (~35%). Dynamic mechanical analysis evidenced that the higher PLA crystallinity improved the storage modulus
at temperatures >60 °C by ca two orders of magnitude. The achieved combination of the PLA/PCL toughness and stiffness
was one of the highest, according to the available literature.
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1. Introduction not only by the size of PCL particles but also by the
Poly(lactic acid) (PLA) is a promising material fora  crystallinity of the PLA matrix [14].

broad range of applications due to its biodegradabil- Commercial grades of PLA are mixtures of L-isomer
ity, biocompatibility, good processing properties, and  and a small amount of D-isomer (typically <10 wt%).
high stiffness [1-6]. An important limitation for the = Therefore, commercial PLA’s are semicrystalline.
applications of neat PLA is its brittleness. The most However, the PLA crystallization is rather slow [2,
efficient method that decreases the PLA brittlenessis  15—17], frequently slower than the cooling rates used
the blending with a minor amount of soft, ductile in polymer processing devices [17]. Consequently,
polymers [7—11]. Recently, we showed that blending  the crystallinity of PLA in its blends processed by
of PLA with about 20% of poly(e-caprolactone) common procedures is quite low (around 10%).
(PCL) leads to material with a high impact strength, Blends with the typical PLA crystallinity (~10%)
on condition that the preparation, viscosity ratio, and ~ were prepared in our previous studies [12, 13]. They
final size of PCL particles are optimized carefully  exhibited very high toughness, but they suffered
[12—14]. The detailed analysis of the results concern- ~ from softening at temperatures approaching PLA
ing the PLA/PCL toughness showed that the impact  glass transition temperature (7, around 65 °C). This
strength of these blends was controlled sensitively ~ PLA softening does not matter in the great majority
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of biomedical applications (implants at body tem-
perature around 37 °C), but it may cause problems
in technical applications (such as packaging, outdoor
equipment, or components in the automotive indus-
try), which usually require high stiffness at elevated
temperatures.

The classical method how to improve polymer crys-
tallinity is annealing, i.e. keeping the system close
to the temperature at which the maximal crystalliza-
tion rate for given material occurs. However, an un-
wanted side effect of the annealing of PLA/PCL
blends is a possible coalescence of PCL particles. It
has been demonstrated that a quite small increase in
the PCL particle size decreased the blend toughness
drastically [13].

The crystallinity of the PLA matrix can also be en-
hanced by small amounts of nucleating agents [15,
16, 18-21]. Many authors have studied the influence
of various substances such as talc, low molecular
aliphatic amides or graphene, on the rate of PLA
crystallization [15, 18, 19, 21-25]. Li et al. [ 18] in-
vestigated the effect of talc, sodium stearate, and cal-
cium lactate. They found that talc promoted the PLA
crystallization effectively in temperatures between
80 and 120 °C. Murariu ef al. [16] studied the effect
of nanofiller shape (1, 2 or 3D) on the PLA matrix
crystallization. They found a strong increase in the
PLA crystallinity with organo-modified layered sili-
cate, whose surface was treated with ethylene bis-
stearamide (EBS). Jain et al. [26] prepared PLA/PCL/
talc composites with the majority of PCL and found
that talc acted as a nucleating agent for the PCL phase
but not for the PLA phase. Bai and coworker [7, §]
used a highly active nucleating agent (N,N',N"-tri-
cyclohexyl-1,3,5-benzene-tricarboxylamide) and in-
creased the crystallinity of PLA matrix up to 50%
for samples prepared by injection molding. Besides
the enhancement of crystallinity, they also achieved
a high impact strength.

Recent studies on PLA/PCL blends [27-31] showed
that the addition of PCL itself influenced the crys-
tallinity of PLA. Rizzuto et al. [27] reported that the
addition of PCL accelerated the cold crystallization
of PLA, but no significant nucleation effects for
PLA/PCL blends were detected when the PLA crys-
tallization started from the molten state. Phroma and
Magaraph [28] found a small increase in PLA crys-
tallinity in PLA/PCL blends, but the PLA crystallinity
in the blends remained below 10%. Similar results
were reported by Khitas et al. [29]: the crystallinity
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of PLA between 10 and 20% was found for PLA/PCL
blends plasticized with citrates, but the modulus at
temperatures above 7, of PLA was not studied. Sundar
et al. [30] found an increase in the PLA crystallinity
due to an addition of PCL, but a negative effect of
PCL on PLA crystallinity was detected by van de
Voorde et al. [31]. Thin PLA/PCL films and nano-
fibers with a low-crystallinity PLA matrix were pre-
pared by Sundar et al. [30] and van de Voorde et al.
[31], respectively. All above-listed studies indicated
that the enhancement of PLA crystallinity in PLA/PCL
blends was a challenging problem, whose solution
is needed for efficient utilization of PLA in practice.
The nanofillers had usually been added to PLA with
the aim to improve mechanical properties of PLA/
PCL blends, but later it was revealed that they could
also affect the crystallinity of PLA [32-35]. Oshani
et al. [32] added oligomeric silsequioxane (POSS;
0.5 wt%) to PLA/PCL/starch blends, which enhanced
the PLA crystallinity to 31.6%. However, the storage
tensile modulus of the composites steeply decreased
with a temperature above 7, of PLA independently
of the POSS concentration. Moeinifar et al. [34] found
a decrease in the PLA crystallinity in the PLA/PCL
blends after POSS addition. Wang et al. [33] found
an increase in the crystallinity of PLLA due to an ad-
dition of carbon nanotubes but the increase was not
evaluated quantitatively. Chomachayi et al. [35] found
that silk fibroin nanoparticles enhanced the crys-
tallinity of neat PLA but decreased the crystallization
rate of PLA in PLA/PCL blends.

It is worth noting that all above-listed ways of PLA/
PCL blend modification (i.e. the blend annealing, ad-
dition of PLA nucleating agents, and addition of nano-
fillers), which change the crystallinity of PLA ma-
trix, may also influence the PLA/PCL biodegradabil-
ity. The detailed review of Auras et al. [2] concludes
that PLA degrades primarily by hydrolysis in two
steps: In the first step, random non-enzymatic chain
scission of the ester groups reduces the molecular
weight. In the second step, low molecular weight PLA
chains can diffuse out of the bulk polymer and be di-
gested by microorganisms to yield carbon dioxide and
water. The ester hydrolysis is accelerated by acids or
bases. Moreover, any factor which affects the reac-
tivity and/or accessibility of the bulk material with
respect to water, such as sample size and shape, tem-
perature, and crystallinity, will influence the polymer
degradation rate. The denser structure of PLA sam-
ples with increased crystallinity slows down both
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water swelling during the first step and oligomer dif-
fusion to the surface in the second step, which results
in certain deceleration of the biodegradation process
[36, 37].

In this paper, we modified our method of the prepa-
ration of a super-tough PLA/PCL blends [12, 13] with
the aim to keep the very high blend toughness while
enhancing the crystallinity and stiffness of PLA. Talc
was used as the nucleating agent, and the thermal
treatment of the blends during compression molding
was varied. The stiffness of the blends was studied
by micromechanical measurements at room temper-
ature and dynamical mechanical analysis in a broad
range of temperatures from —90 to 210 °C.

2. Experimental

2.1. Materials

Two biodegradable polymers, polycaprolactone
(PCL; type Capa 6800; Perstorp Group; Sweden;
Tm = 60°C) and polylactic acid (PLA; Ingeo 4032D,
NatureWorks LLC, USA; T,= 166°C, M,=
119 kDa, M, =207 kDa, PDI = M/M,, = 1.74, con-
tent of D-isomer ~1.5%), were used in this study.
The polymers were selected so that the PLA/PCL
viscosity ratio was approximately 1. Talc (hydrous
magnesium silicate in the form of dried powder with
average particle size 10 pm) was supplied by Sigma-
Aldrich, USA. Tetrahydrofuran (THF; Lachner,
Czech Republic) was used as an etching agent of the
PCL phase during the SEM sample preparation.

2.2. Blend preparation

Neat PLA and PLA/PCL (80/20) blends with/with-
out 1% of talc were prepared by a melt-mixing using
laboratory batch kneader (Brabender Plasticorder;

Table 1. Summary of prepared PLA/PCL/talc systems.

Brabender Germany) followed by a compression
molding in two hydraulic presses (Fontijne Grotnes,
Netherlands). Before the melt-mixing, the polymers
were dried in a vacuum oven (PCL: 40 °C for 12 h;
PLA 80°C for 4 h). A proper amount of talc was put
into a small glass bottle which was put for 2 min into
an ultrasound bath to destroy big agglomerates. The
sonicated talc was immediately dry-mixed with PCL
and PLA granulates, and the whole system was melt-
mixed (mixing chamber: B50 EHT; mixing condi-
tions: 60 rpm for 10 min at 180 °C).

The compression molding conditions were varied in
order to get samples with various thermal treatments.
The complete list of the ten prepared samples is given
in Table 1: six samples were just compression-mold-
ed, while four samples were compression molded
and annealed.

The compression-molded samples were prepared in
three steps: (i) the hot compression molding in the
first press (180°C for 2 min at 50 kN, followed by
8 min at 220 kN), (ii) the cold compression molding
in the second press (60 or 80 °C for 2 min at 220 kN),
and (iii) the cooling with water for 15 min to reach
the ambient temperature (cooling rate ~4 °C/min).
The samples treated by the compression molding
without annealing are denoted with suffix 60C and
80C (Table 1).

For selected samples (neat PLA and PLA/PCL blends),
we combined the compression molding with anneal-
ing in order to obtain higher crystallinity of PLA
without the addition of talc. In this case, the com-
pression molding of melt-mixed samples consisted
of two steps: (i) the hot compression molding in the
first press (180°C for 2 min at 50 kN, followed by
8 min at 220 kN) and (ii) the annealing in the second

Sample ID [5:;2] [‘SS;;] [vﬁl:/i ] Basic sample description
PLA-60C 100 0 0 PLA compression molded at 60 °C
PLA-An-110C 100 0 0 PLA annealed at 110°C
PLA/PCL-60C 80 20 0 PLA/PCL blend compression molded at 60 °C
PLA/PCL-80C 80 20 0 PLA/PCL blend compression molded at 80 °C
PLA/PCL-An-80C 80 20 0 PLA/PCL blend annealed at 80 °C
PLA/PCL-An-110C 80 20 0 PLA/PCL blend annealed at 110°C
PLA/PCL-An-160C 80 20 0 PLA/PCL blend annealed at 160 °C
PLA/PCL/Talc-60C 79.2 19.8 1 PLA/PCL/Talc blend compression molded at 60 °C
PLA/PCL/Talc-80C 79.2 19.8 1 PLA/PCL/Talc blend compression molded at 80 °C
PLA/PCL/Talc-80C-ws 79.2 19.8 1 like previous, but talc without ultrasonication®

For more details about compression molding and annealing, see Section 2.2.
2Sample PLA/PCL/Talc-80C-ws: sample without ultrasonic treatment of talc before melt mixing.
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press (the machine preheated to 80 or 110 or 160 °C,
the samples pressed at 220 kN, and the temperature
of hot press decreased down to 50 °C with cooling
rate ~0.4 °C/min). Both compression molding and
annealing were always performed with samples
closed in a mold so that their shape was preserved.
The samples treated by the compression molding and
annealing are denoted by suffix An-80C, An-110C,
and An-160C (Table 1).

2.3. Scanning electron microscopy

The morphology of PLA/PCL/talc composites was
visualized by means of scanning electron micro-
scopy (SEM). The micrographs were obtained with
a microscope Quanta 200 FEG (FEI; Czech Repub-
lic). Before the observation in the electron micro-
scope, all specimens were fixed on metallic support
with a conductive silver paste (Leitsilber G302;
Christine Groepl, Austria) and sputtered with Pt
(vacuum sputter coater SCD 050; Balzers, Germany)
in order to minimize charging and sample damage.
SEM micrographs were obtained with accelerating
voltage 10 kV using secondary electron imaging
(SEM/SE). Two different sample preparations were
employed: (i) fracture surfaces, prepared under liq-
uid nitrogen in order to minimize plastic deforma-
tions, showed the overall morphology of the blends
and dispersion of the nucleating agent, while
(i1) smoothed surfaces, whose preparation was de-
scribed in our previous work [38], were etched with
THF (THF vapor at 45 °C for 4 min) and employed
in determining the particle size distributions by
means of program MDISTR [39].

2.4. Differential scanning calorimetry
The thermal properties of the samples were studied
using a DSC Q2000 instrument (TA Instruments)
with nitrogen purge flow 50 cm®/min. The instru-
ment was calibrated for temperature and heat flow
using an indium standard. Samples of about 5 mg
were encapsulated into aluminum pans and heated
to 200 °C using the heating rate of 10 °C/min. Melt-
ing points (7)) were determined from the position
of the melting peak maximum. The crystallinity of
PLA matrix (w.pra) was calculated according to
Equation (1), which considers cold crystallization of
the polymer:

_ | A]—Im,l:’LA | B | AHCC,PLA |

We,PLA =

-100% (1
0
AH m,PLA “ WPLA
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where AHy, pra is the enthalpy of the PLA melting
peak, AH pra is the enthalpy of the PLA cold crys-
tallization peak, AH?,LPLA is the melting enthalpy of
100% crystalline PLA (93.6 J/g; [40]).

2.5. Impact testing

Impact testing was carried out with a Charpy impact
tester (Ceast Resil Impactor Junior; Ceast S.p.A.,
Italy). The pendulum work capacity was 4 J (angle =
150°, speed 3.9 m/s), and the support span was set to
s =62 mm. The experiments were performed at lab-
oratory temperature (22 °C). The testing specimens
(ISO 179-1, type 1; at least 6 specimens/sample) were
prepared by a compression molding as described in
Section 2.2 (dimensions of the specimens: length L =
80 mm, width =10 mm, and thickness B =4 mm).
The notches (type A), with a depth of 2 mm and a
tip radius of 250 pm, were prepared with a V-knife.
The impact blow was in the edgewise direction of
the test specimens. Charpy notched-impact strength
(a.~n) was evaluated according to ISO 179.

2.6. Dynamic mechanical analysis

Mechanical properties were tested by a dynamic-me-
chanical thermal analysis (DMTA). The specimens for
the DMTA analysis were cut from compression-mold-
ed plates. They were rectangular with the length =
25 mm, width = 10 mm, and thickness =4 mm. The
values of complex modulus |G*|, storage modulus G,
loss modulus G" and damping factor tan d were meas-
ured as a function of temperature (ranging from —90
to 210°C) in a rectangular torsion using a Physica
MCR 501 rheometer (Anton Paar GmbH). The exper-
iments were performed with temperature ramp
3°C/min and the strain 0.02%, which was in the linear
viscoelasticity region (LVE). The LVE was confirmed
from strain sweep tests at the frequency of 1 Hz.

2.7. Microindentation hardness testing

Micromechanical properties were characterized by
instrumented microindentation hardness testing
(MHI). The smooth surfaces for the MHI testing
were prepared by a microtomy (rotary microtome RM
2155; Leica, Austria) using sharp, freshly broken
glass knives (balanced-break glass knife maker EM
KMR3; Leica, Austria). The square pyramid diamond
indenter (Vickers indenter; the angle between two
non-adjacent faces of the square pyramid = 136 deg)
was forced into the specimen surface using a linear
loading (loading rate = 25 000 mN/min) to maximal
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force 200 gf (1962 mN), then kept at the maximal
force for 6 s, and released using linear unloading
(unloading rate = 25 000 mN/min). For each sample,
we performed at least 30 measurements (at least ten
indentations for at least three cut surfaces per sam-
ple), and the results were averaged. The indentation
hardness (Hir), indentation modulus (£7r), indentation
creep (Cir), and elastic part of the indentation work
(i) were calculated according to the theory of Oliver
and Pharr [41] as described elsewhere [42, 43].

3. Results and discussion

In this work, we demonstrate how the annealing and
nucleation by talc change the morphology and crys-
tallinity in the PLA/PCL blends (Section 3.1) and
how these changes impact the blend toughness (Sec-
tion 3.2) and stiffness (Section 3.3).

3.1. Influence of preparation conditions on
morphology and crystallinity
Figure 1 shows the effect of the annealing on the
PLA/PCL blend morphology. The average size of the
PCL particles (i.e. the average diameter of the PCL
particles, d, measured from SEM/SE micrographs)
in the compression-molded blends (PLA/PCL-60C;
Figures la and le; d= 0.60 um) increased just
slightly for the blends annealed at a lower tempera-
ture of 80 °C (PLA/PCL-An-80C; Figures 1b and 1f;

d~= 0.62 um) and then steeply for the blends an-
nealed at higher temperatures (PLA/PCL-An-110C
and PLA/PCL-An-160C; Figures 1c, 1d, and 1g, lh;
d > 1 pum). The effect of the annealing on the PLA ma-
trix crystallinity is summarized in Table 2: the non-
annealed blends (PLA/PCL-60C, PLA/PCL-80C)
and the blends annealed at a lower temperature
(PLA/PCL-An-80C) exhibited low PLA crystallini-
ty, not differing remarkably from the crystallinity ob-
tained by standard compression molding [12, 13].
On the other hand, the blends annealed at higher
temperatures (PLA/PCL-An-110C and PLA/PCL-
An-160C) showed substantially higher PLA crys-
tallinity, around 40%.

Figure 2 illustrates the small difference between the
average PCL particle size in the neat PLA/PCL blends
without talc (Figure 2a) and the PLA/PCL/Talc
blends prepared at the same conditions (Figure 2b,
2¢). In addition, the comparison of Figures 2b and
2c¢ evidenced that the ultrasonication improved the
dispersion of talc in the polymer matrix significantly.
Table 2 demonstrates that the increase in the anneal-
ing temperature from 60 to 80 °C was necessary to
enhance the PLA matrix crystallinity of the blends
with the addition of talc: The sample annealed at
60°C (PLA/PCL/Talc-60C) showed no crystallinity
enhancement (w. pra = 10%; a value comparable to
neat PLA/PCL blends without annealing), while the

Figure 1. SEM/SE micrographs of (a—d) cryo-fractured surfaces and (e~h) smoothed and etched surfaces of PLA/PCL blends
with various thermal treatments: (a, ) PLA/PCL-60C, (b, f) PLA/PCL-An-80C, (c, g) PLA/PCL-An-110C, and
(d, h) PLA/PCL-An-160C.
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Table 2. DSC results.

— R
PLA-60C 110.8 -27.3 169.0 34.1 7.3
PLA-An-110C - - 170.8 36.5 39.2
PLA/PCL-60C 95.0 -19.3 166.8 25.7 8.6
PLA/PCL-80C 92.2 -20.4 168.6 28.0 10.2
PLA/PCL-An-80C 93.2 -20.5 167.1 26.9 8.6
PLA/PCL-An-110C - - 167.0 294 39.5
PLA/PCL-An-160C — - 163.8 31.5 423
PLA/PCL/Talc-60C 93.7 -19.8 166.8 27.0 9.7
PLA/PCL/Talc-80C — - 168.7 26.3 35.7
PLA/PCL/Talc-80C-ws — - 168.4 28.9 39.2

Teepa—  temperature of PLA cold crystallization
AH.pra — enthalpy of PLA cold crystallization
Tmpia—  PLA melting temperature

AHypra— PLA melting enthalpy

wepLa—  degree of PLA crystallinity

More detailed description of samples is given in Table 1.

c)

Figure 2. SEM/SE micrographs of cryo-fractured surfaces of (a) PLA/PCL-60C, (b) PLA/PCL/talc-80C, and (c) PLA/
PCL/talc-80C-ws systems. The micrographs illustrate small impact of filler on PCL particle size (Figure 2a vs.
Figures 2b—2c), and poor dispersion of talc without sonication (Figure 2b vs. Figure 2c). The arrows in Figure 2b

denote talc particles.

sample annealed at 80°C (PLA/PCL/Talc-80C)
achieved much higher PLA-crystallinity (w¢pra =
36%; a value comparable to neat PLA/PCL blends
annealed at 110 or 160 °C). Evidently, the annealing
temperature had to be increased sufficiently above
the glass transition temperature of PLA (T, = 55—
65°C; [4, 13]) in order to start additional crystalliza-
tion of PLA, leading to the desired crystallinity in-
crease. This behavior of PLA has already been
reported [2].

3.2. Influence of morphology and crystallinity
on toughness

Figure 3 compares the degree of crystallinity, weppa,

and Charpy notched impact strength, ay, of all pre-

pared samples. The blends without talc exhibiting a

low crystallinity (PLA/PCL-60C, PLA/PCI-80C, and
PLA/PCL-An-80C) achieved a high impact strength.
The annealing at 80°C (PLA/PCL-An-80C) led to
an even slightly higher impact strength than in our
preceding studies [12, 13]. However, the annealing
at higher temperatures (PLA/PCL-An-110C and PLA/
PCL-An-160C blends) resulted in the expected in-
crease in the PLA matrix crystallinity, but it also de-
creased the impact strength drastically. The observed
decrease in the impact strength could be attributed
to the coalescence of PCL particles, whose average
size was much higher than in the blends prepared by
a standard compression molding (Figure 1). From
the point of view of toughness, the optimal PCL par-
ticle size was lower for PLA/PCL blends with a high-
crystallinity PLA matrix than for the blends with a
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Figure 3. Crystallinity (w,p.4) and Charpy notched impact strength (an) of PLA/PCL systems. The graph illustrates complex
influence of processing conditions on two key parameters of the systems. The sample names and compositions are

explained in Table 1.

low-crystallinity PLA matrix [7, 8]. This effect was
explained and also exemplified in our recent review
[14]. Therefore, the simultaneous increase in both
PCL particle size and PLA matrix crystallinity ruined
the impact strength of the blends completely.

The addition of 1 wt% of talc (samples PLA/PCL/
Talc-60C and PLA/PCL/Talc-80C) led to a circa
50% decrease in the impact strength with respect to
the neat blends with the low-crystallinity PLA ma-
trix (samples PLA/PCL-60C, PLA/PCL-80C and
PLA/PCL-An-80C). On the other hand, the PLA/
PCL/Talc-80C with crystallinity 36% exhibited a sub-
stantially higher impact strength than PLA/PCL-An-
110C, and PLA/PCL-An-160C blends with the com-
parable crystallinity. It is worth noting that the impact
strength of PLA/PCL/Talc-80C was still about ten
times higher than that of neat PLA. Therefore, PLA/
PCL/Talc-80C sample showed the best balance be-
tween the crystallinity enhancement and high impact
strength. As the crystallinity increase in the PLA/
PCL/Talc-80C system was sufficient, it was redun-
dant to test talc-nucleated PLA/PCL blends prepared
at even higher temperatures. The elevated tempera-
tures could increase the PLA crystallinity just by a
few percent (as evidenced by Table 2) which would
not influence the PLA/PCL stiftness significantly (as
confirmed in Figure 5). Moreover, the elevated pro-
cessing temperatures promoted PCL particle coales-
cence (as illustrated in Figure 1), which led to a sig-
nificant decrease in the PLA/PCL toughness (as
documented in Figure 3 and explained in a recent re-
view of Fortelny et al. [14]).

The fine and homogeneous distribution of talc in the
PLA/PCL blends was necessary to achieve the high

toughness of PLA/PCL/Talc samples. The blends pre-
pared with ultrasonicated talc (PLA/PCL/Talc-80C)
exhibited the finer distribution of talc in the polymer
matrix (Figure 2b) and high impact strength (Figure 3,
ay ~ 20 kJ/m?), while the blends prepared with non-
sonicated talc (PLA/PCL/Talc-80C-ws) contained
the large talc agglomerates (Figure 2¢) and lower im-
pact strength (Figure 3, ay ~ 10 kJ/m?). The detailed
analysis of SEM micrographs (not shown for the sake
of brevity) indicated that the distribution of talc in
PLA/PCL blends somewhat differed from place to
place even within the samples prepared by the same
procedure. This led to the higher standard deviations
of ax values of PLA/PCL/Talc with respect to that of
PLA/PCL samples. Our interpretation that the large
talc agglomerates had a detrimental effect on the im-
pact strength of blends was in agreement with the re-
sults obtained for the analogous blends containing
talc with and without sonication (PLA/PCL/Talc-80C
and PLA/PCL/Talc-80C-ws): the impact strength of
PLA/PCL/Talc-80C-ws was only about the half of
the impact strength of PLA/PCL/Talc-80C in spite
of similar PLA matrix crystallinities of both samples.
Furthermore, these results suggested that even better
toughness might have been achieved by further im-
provement of the preparation procedure, leading to
even finer dispersion of talc in the PLA/PCL matrix.
Figure 4 compares the fracture surfaces of the sam-
ples from an impact test (samples PLA/PCL-80C and
PLA/PCL/Talc-80C with the higher and lower impact
strengths, respectively). The fracture surface of
PLA/PCL-80C sample with the high impact strength
(Figure 4a) was smoother, and the PCL particles were
hardly recognizable, which could be attributed to the
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a) ‘ PLA/PCL-80C

g o |

5m

b) ' PLA/PCL/Talc-80C

Figure 4. SEM micrographs comparing fracture surfaces from notched Charpy impact tests: (a) PLA/PCL-80C blend with
very high toughness and (b) PLA/PCL/Talc-80C blend with medium toughness. PCL particles were visible more
clearly on the fracture surfaces of the blends with lower toughness (b), which indicated that the fracture tended to
propagate along the PLA/PCL interface and, consequently, the energy dissipation was lower in the lower-toughness

systems.

plastic deformations of the PCL particles during frac-
ture. These plastic deformations of the PCL particles
could have contributed to the total fracture energy
dissipation. The fracture surface of PLA/PCL/Talc-
80C sample with lower impact strength (Figure 4b)
exhibited a higher density of fracture lines and con-
tained easily detectable PCL particles with lower
plastic deformations. This suggested that the fracture
was more brittle, propagated more on the matrix/par-
ticle interphase, and the total fracture energy was not
as much dissipated due to the deformation of parti-
cles as in the case of sample PLA/PCL/80C. A sim-
ilar behavior, i.e. the lower plastic deformations of
minority phase particles during fracture of PLA/PCL
systems with the lower toughness, was observed in
our previous study [13].

The above-described results demonstrated that the
PLA/PCL blends with the high impact strength and
enhanced crystallinity could hardly be prepared
without the addition of nucleating agents. The time
for which the blends had to be kept at an elevated
temperature (in order to increase PLA matrix crys-
tallinity) was too long, which resulted in a substan-
tial increase in the PCL particle size (due to the par-
ticle coalescence at elevated temperature), and this
was detrimental for the toughness of the PLA/PCL
blends. The addition of talc as a nucleating agent en-
abled us to obtain PLA/PCL blends with the en-
hanced crystallinity when the original conditions of
the compression molding were just slightly modi-
fied, i.e. the temperature in the cold press was in-
creased from 60 to 80 °C. Careful control of the qual-
ity of the talc dispersion was found necessary in
order to achieve a sufficient toughness of PLA/PCL/
Talc samples.
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3.3. Influence of crystallinity on stiffness

The stiffness of selected PLA/PCL systems was char-
acterized by instrumented microindentation hardness
testing (MHI) and dynamic mechanical thermal
analysis (DMTA). The MHI measurements were per-
formed at the laboratory temperature, at which the
PLA crystallinity played a minor role, as justified
below. The DMTA measurements covered a broader
temperature range (from —90 to 200 °C), being fo-
cused on the behavior of the materials above the lab-
oratory temperature, where we anticipated a much
stronger influence of the PLA crystallinity on the
mechanical performance.

In the MHI testing (Figure 5a), the stiffness was
characterized by means of indentation modulus (£)7)
and indentation hardness (Hyr). The values of Eyr are
approximately equal to macroscopic tensile modulus
(E) and other relevant macroscopic moduli (Ejr = E;
[41, 44]), while the values of HIT are proportional
to macroscopic yield strength (Y) according to
Tabor’s relation (Hr = 3Y; [45]). Both properties
showed the same main trends: (i) a strong increase
in the stiffness with the PLA amount and (ii) a mod-
erate increase in the stiffness with the PLA crys-
tallinity. The strong correlation between £ and Hir
(Figure 5b) was in agreement with theoretical pre-
dictions of Struik [46], who had shown that the
yield strength of amorphous and semicrystalline
polymers is proportional to their elastic modulus
(E =30Y). The combination of Struik’s relation and
Tabor’s relation gives an approximate formula
(Equation (2)) that holds for amorphous and semi-
crystalline polymers:

E = E;; = 30Y = 10H;; 2)
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Figure 5. Microindentation hardness testing results for selected PLA/PCL systems: (a) values of indentation hardness (Ht)
and indentation modulus (E1) with error bars representing standard deviations and (b) verification of theoretically

predicted linear correlation between Hir and Ejr.

where E represents a macroscale elastic modulus, Ep
is a microindentation modulus, Y is a macroscale
yield strength, and Hr is a microindentation hardness.
Although Equation (2) is based on many simplifica-
tions, the linear relationship between the four quanti-
ties (E, Ert, Y, Hit) holds surprisingly well for many
polymer systems consisting of both amorphous and
semicrystalline polymers, as evidenced in numerous
previous studies [12, 38, 46—50]. In our case, the lin-
earity between Ejr and Hjt was evident (Figure 5b),
and the proportionality constant (¢ = 14.2) was in a
reasonable agreement with the theoretical prediction
(Equation (2): Err = 10H;r — ¢ = 10), which con-
firmed the reliability, reproducibility, and correctness
of our micromechanical measurements. The strong
increase in both Eyr and Hjr with the increasing
amount of PLA corresponded to general trends, the-
ories, and/or predictive models for polymer blends,
such as EBM [13, 45, 51]. The moderate increase in
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HIT with PLA crystallinity could be justified by
means of the relation found by Balta-Calleja and Kil-
ian [52], which holds for the microhardness of semi-
crystalline polymers (Equation (3)):

)

where H is a microhardness, v, and v, is a volume
fraction of amorphous and crystalline phase, respec-
tively, /. is an average thickness of crystalline lamel-
lae, and H is a constant (for given experimental con-
ditions) that corresponds to the hardness of the infi-
nitely thick crystalline lamellae, and 4 is another con-
stant (for given experimental conditions) related to
surface and deformation energy of the lamellae [47].
In the case of our systems at ambient temperature,
PLA exhibited high stiffness even at low crystallini-
ties due to its high glass transition temperature (7, =
65 °C), which resulted in the high microhardness of



A. Ujcic et al. — Express Polymer Letters Vol. 16, No.3 (2022) 221-233

the amorphous phase (H,) as justified elsewhere [13,
47]. Thus the increase in the PLA crystallinity influ-
enced the final stiffness of PLA/PCL blends at lab-
oratory temperature quite moderately (compare
WepLA, Hir, and Eyr in Figures 3 and 4). However, at
the elevated temperatures closer to the T, of PLA
(i.e. at the temperatures where the contribution of
voH, member in the right-hand side of Equation (3)
was minimized due to a steep decrease of H,), the
crystallinity started to play a more important role, as
discussed in the following paragraphs.

The DMTA experiments (Figure 6) completed the
results obtained from the DSC and MHI measure-
ments. The samples with the higher PLA crystallinity
exhibited a higher stiffness (storage moduli, G') in
the whole temperature range (Figure 6a). As expect-
ed, the moduli of the blends somewhat decreased
with the addition of PCL (in comparison with neat
PLA). The glass transition of the PCL phase was
slightly shifted to the lower temperatures: from —57 °C
for pure PCL to —63 °C in the case of PLA/PCL and
PLA/PCL/Talc systems (Figure 6b). This could be
explained by the enhanced motion of PCL molecular
segments in the amorphous phase after the addition
of PLA due to the reduced amount of entanglements
at the PLA-PCL interface [53]. The glass transition
of PLA slightly increased with the increasing crys-
tallinity. The higher number of crystalline regions re-
stricted molecular movements also in the amorphous
phase, which caused an increase in 7, [54]. Logically,
the higher peaks related to 7, of PLA were observed
for samples with the lower crystallinity (due to the
higher content of the amorphous phase).

The dependence of G' on temperature provided in-
formation about the stiffness of PLA/PCL blends
with various crystallinities of PLA matrix. Figure 6a
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documented that the modulus of the blends with the
low-crystallinity PLA matrix (<10%) dropped from
~500 to ~1 MPa for temperatures above 7, of PLA
(>65°C). The increase in G’ at even higher tempera-
tures was caused apparently by the PLA cold crystal-
lization during the DMTA measurements. A similar
dependence of the modulus of PLA/PCL blends on
temperature was found by Bai et al. [8]. In contrast,
the decrease in G’ above T, of PLA for the blends with
the PLA crystallinity above 35% was much lower.
These blends with a high-crystallinity matrix exhibit-
ed G" about 20 MPa even at temperatures close to the
melting temperature of PLA. These results demon-
strated clearly that the PLA/PCL blends with the PLA
matrix crystallinity of around 35% could serve in
many applications at temperatures above 7, of PLA,
where the PLA/PCL blends with a low-crystallinity
matrix would fail due to their negligible stiffness.

4. Conclusions

In our previous work [12, 13], we developed »super-
tough« PLA/PCL(80/20) blends, whose stiffness at
ambient temperature was very good and toughness
was ca 16x higher in comparison with the neat PLA
matrix. The crystallinity of the PLA matrix in the
blends was ~10%. Therefore, the blends could be
employed in medical applications (temperatures
<40°C), but not for all material and/or outdoor ap-
plications (temperatures exceeding 50-60 °C). This
was due to the low crystallinity of the PLA matrix,
which lost its stiffness drastically at temperatures ap-
proaching 7, of PLA (65°C). The objective of this
work was to obtain the PLA/PCL blends with both
high toughness at ambient temperature and higher
stiffness at elevated temperatures. The main results
can be summarized as follows:

10" E T T T T T
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. — PLA/PCL-An-110C
----- PLA/PCL-60C
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Figure 6. DMTA results for selected PLA/PCL systems: (a) Storage modulus G’ and (b) damping factor tand as a function

of temperature.
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1. Standard thermal treatment of PLA/PCL blends
with optimized composition and processing (as
described in our previous studies) repeatedly re-
sulted in a material with a high toughness (which
confirmed reproducibility of our optimized prepa-
ration procedure), but the blends suffered from a
low stiffness at elevated temperatures due to the
low crystallinity of the PLA matrix, not exceed-
ing 10%.

2. Annealing of the PLA/PCL blends increased the
crystallinity of the PLA matrix and the overall
blend stiffness at elevated temperatures but com-
promised the final toughness due to morphologi-
cal changes: the coalescence of PCL particles dur-
ing annealing decreased the toughness strongly.

3. The best results were obtained by the optimiza-
tion of the annealing temperature (optimal value
of 80°C), cooling rate (0.4 °C/min), and by the
addition of a suitable nucleating agent (1 wt% of
talc). The final PLA/PCL blends exhibited both
high toughness (9% higher with respect to neat
PLA) and high crystallinity (~35%), which re-
sulted in a higher stiffness at elevated tempera-
tures.

4. A dynamic mechanical thermal analysis demon-
strated the substantially enhanced stiffness of
PLA/PCL/talc systems with the high-crystallinity
matrix in the range between the glass transition
and melting temperature of PLA. The storage
modulus in this region increased up to two orders
of magnitude. Therefore, the high-crystallinity
matrix PLA/PCL blends could be employed in a
broader range of applications, in which not only
a good stiffness but also a sufficient toughness at
elevated temperatures is required. According to
the available literature, the achieved combination
of the impact strength and crystallinity of the
PLA/PCL blends was one of the highest. More-
over, the preparation procedure is quite simple
and flexible, which means that it can be further
optimized for even better mechanical perform-
ance.
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