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Abstract
Polylactide is a highly demanded biopolymer, whose industrial application constantly increases. Its disadvantages such as 
brittleness and slow crystallization rate can be overcome by application of different additives. Because of environmental 
issues, using natural waste fillers as modifying agents for polylactide is especially interesting. In this study linseed cake, a 
byproduct of oil extraction from linseed, characterized by oil content of 0.9–39.8 wt.%, was added to polylactide to influ-
ence its crystallization behavior. The formation of the crystalline phase was studied by differential scanning calorimetry in 
isothermal and non-isothermal conditions and analyzed according to methods by Jeziorny, Ozawa, Mo and Avrami. The 
samples’ microstructures were observed using polarized light microscopy. The crystallization rate and Avrami exponent of 
samples crystallized in different conditions were evaluated. It was found that addition of 10 wt.% of linseed cake contain-
ing at least 17.7 wt.% oil notably changes the crystallization of polylactide, increasing its crystallinity and promoting the 
growth of crystallites.
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Introduction

Since 1990s, when a need to find a sustainable alterna-
tive to conventional polymeric materials became evident, 
polylactide or poly(lactic acid) (PLA) is gaining more and 
more popularity. This so-called biopolymer, which can be 
synthesized from the lactic acid resulting from fermenta-
tion of starch [1–4] and can undergo biodegradation in 
industrial conditions [1, 4–7] is successfully applied as 
a 3D-printing filament and as a material for production 
of packages, disposable goods, biomedical devices, auto-
motive applications and fiber [1, 2, 8–10]. Environmental 
friendliness is not the sole feature which makes polylactide 
so popular these days. PLA is an aliphatic polyester whose 
mechanical properties are similar to those of poly(ethylene 
terephthalate) or polypropylene [11]. It is relatively strong 
(tensile strength around 45–65 MPa [2]), rigid (tensile 
modulus > 3 GPa [2]) and easy to process using conven-
tional technologies [1]. Polylactide is a semi-crystalline 

polymer, whose crystalline form can be characterized with 
good mechanical properties and thermal stability (heat 
deflection temperature exceeding 90°C [12]). Unfortu-
nately, due to lack of the flexible methylene segment in its 
backbone, the crystallization rate of PLA is very slow [3, 
13]. A profound knowledge of polylactide crystallization 
behavior is crucial to improve its properties and make the 
processing more efficient [14]. Thanks to the relentless 
efforts of the researchers and dozens of studies, there are 
multiple procedures which can be applied to overcome 
the disadvantages caused by amorphous structure of PLA. 
One of them is modification of PLA by nucleating agents 
(NAs), which serve as crystallization seeds and increase 
the rate of crystallization. Different substances, includ-
ing aromatic sulfonate derivatives [12, 15], talc [16, 17], 
montmorillonite [18, 19] and other silicates [20], calcium 
carbonate [14], carbon nanotubes [19, 21] or graphene 
[22] were shown as effective NAs for PLA and some of 
them are successfully applied in industrial applications. 
Apart from NAs, plasticizers are also a common additive 
for PLA. Even though their primary role is reducing brit-
tleness and increasing impact strength, they also influence 
the crystallization behavior of this polymer, especially 
when they are applied together with a nucleating agent. 
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For example, addition of triphenyl phosphate, a plasti-
cizer commonly used for poly(vinyl chloride) increased 
crystallization rate of polylactide [23]. Plasticizers such 
as poly(ethylene glycol) and acetyl triethyl citrate com-
bined with talc caused an increase in PLA’s crystallinity 
[24]. Natural jojoba oil also increased crystallization rate 
of polylactide, but did not influence the kinetic energy 
of crystallization [25]. Properties of polylactide can also 
be changed by producing composites based on this mate-
rial. The resulting properties of a PLA-based composites 
depend on multiple factors including the chemical com-
position of the filler, its shape and size, preparation pro-
cedure and the amount of the additive. Among many other 
features, the crystallization behavior can also be altered by 
addition of certain fillers to polylactide matrix. This effect 
is especially prominent in the case of nanocomposites, as 
the nanoparticles of silica, montmorillonite or calcium car-
bonate were shown to act as nucleating agents [19], how-
ever various micrometric fillers such as ground eggshells 
[26], babassu mesocarp [13] or basalt powder [27] also 
showed an advantageous influence on PLA crystallinity.

As PLA is considered a “green” polymer, it is important 
to not to “spoil” its environmental friendliness by applica-
tion of unsustainable modifying agents. To achieve this goal, 
many natural- or plant-based substances were tested for its 
influence on polylactide properties. For example, epoxidized 
or maleinized natural oils were shown as effective plasticiz-
ers for PLA [28–31]. Hazelnut skins and cocoa waste were 
successfully used for production of plasticizers, antioxidants 
and reinforcements for polylactide [32]. Natural extracts 
from cocoa, coffee and cinnamon have an anti-aging effect 
on PLA, but their application does not limit the biodegrada-
tion of the polymer [5]. Numerous natural and waste fillers 
can improve mechanical properties of the PLA-based com-
posites [33–36]

One of the promising environmentally friendly additives 
for polylactide is linseed cake (LC). It is a waste product of 
oil extraction from linseed (Linum usitatissimum L.), which 
does not have a large-scale industrial application [37]. As 
our previous research has shown, because of simultaneous 
presence of rigid lignocellulosic particles and natural linseed 
oil, LC can be successfully used as a filler for PLA-based 
composites. Its addition reduces brittleness, changes the age-
ing behavior and crystallization of polylactide [38–40]. Even 
though notable changes such as the disappearance of cold 
crystallization and an increase of crystallinity degree was 
observed in PLA-based composites filled with linseed cake, 
the phenomena behind these changes were not identified.

The aim of this paper is an analysis of the influence of lin-
seed cake on melt crystallization behavior of PLA performed 
in both non-isothermal and isothermal conditions accord-
ing to the methods by Jeziorny, Ozawa, Mo and Avrami. 
This work is intended to provide a better insight into the 

crystallization kinetics of biopolyester filled with natural-
based waste fillers as well as to obtain useful, practical infor-
mation to optimize the production of PLA-based composites.

Materials and methods

Materials

A multipurpose injection molding polylactide grade Ingeo 
2500 HP by Natureworks characterized by mass flow index 
(MFI) of 8 g/10 min (210°C, 2.16 kg) and d-isomer con-
tent of < 0.5% was used. Linseed cake was purchased from 
a local Polish supplier as an oil production waste. Its chemi-
cal composition is given in Table 1. In order to analyze the 
influence of natural oil content in the filler on the crystal-
lization of the PLA-based composites, LC was subjected 
to partial defatting in acetone, according to the procedure 
described in our study [38]. As a result, 5 grades of linseed 
cake with various oil content were obtained. The oil content 
established by Soxhlet extraction in petroleum ether (total 
extraction time of 150 min) using a Büchi Universal Extrac-
tion System B-811 was equal to 0.9%, 4.6%, 17.7%, 30.4% 
and 39.8%, respectively. The linseed cake particles were also 
screened using a Fritsch Analysette Pro 3 sieve shaker using 
a 630 μm mesh.

Sample preparation

The composite samples were prepared by mixing in molten 
state method. First, PLA pellets and 10 wt% of chosen lin-
seed cake powder were preliminarily mixed and dried at 
70°C overnight in a Memmert ULE500 cabinet drier. This 
step was necessary to minimize the moisture content in the 
hydrophilic natural filler, which could cause a hydrolytic 
degradation of polylactide during processing [41]. Then, 
the polymer and the filler were mixed using a ZAMAK 
EH-16.2 D co-rotating twin screw extruder at maximum 
processing temperature of 190°C (set at the die) and screws 
speed of 100 rpm. The extrudates were cooled in the forced 

Table 1   Chemical composition of linseed cake containing 30.4 wt% 
of oil

Component Amount as a 
wt% of dry 
mass

Oil 30.40
Cellulose 11.53
Lignin 7.33
Hemicellulose 6.23
Mineral matter 4.53
Proteins, saccharides, and other components 39.98
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air flow, pelletized, and dried as before. The samples 
were prepared using the injection molding method using 
a Battenfeld PLUS-35 machine with the following param-
eters: Tinjection = 210°C, Tmold = 50°C, pinjection = 72 MPa, 
vinjection = 75 mm/min. The unfilled PLA was processed in 
the same way as the composites.

The samples were named according to the used linseed 
cake grade, that is LC0.9, LC4.6, LC17.7, LC30.4 and 
LC39.8. The unfilled sample was marked as PLA.

Experimental

Differential Scanning Calorimetry (DSC)

Non‑isothermal crystallization

The DSC crystallization studies of the PLA and its com-
posites was evaluated by differential scanning calorimetry 
(DSC) technique using a Netzsch DSC 204 F1 apparatus. 
Samples of 5 ± 0.2 mg were placed in aluminum crucibles 
with pierced lids and examined in a Nitrogen atmosphere. 
During non-isothermal crystallization investigations, the 
specimens were firstly heated at a rate of 30°C/min from 
20°C to 210°C and held at this temperature for 5 min in 
order to ensure, that the material was completely molten 
and its thermal history was erased. Then, it was cooled 
back to 20°C at a rate of 2.5, 5, 7.5° and 10 C/min. After 
stabilizing the sample at 20°C for 5 min, it was heated 
once again to 210°C at a rate of 10°C. The crystallinity 
degree Xcr was calculated based on the melting and cold 
crystallization enthalpy obtained from the second heating 
cycle according to the formula (1):

where: ΔHm—melting enthalpy of the sample, 
ΔHcc—cold crystallization enthalpy of the sample, 
ΔH100%PLA—melting enthalpy of a 100% crystalline PLA, 
ΔH100%PLA = 93 J/g [42], φ—filler content, φ = 0.1 for the 
composite samples with 10 wt% of the filler and φ = 0 for 
the pure PLA.

Based on the obtained data, the values of crystallization 
rate kJ and the exponent nJ were calculated using a method 
proposed by Jeziorny [43]. According to Avrami, crystalliza-
tion of polymers proceeds according to the relationship (2)

where: X(t)—the relative crystallinity (the degree of con-
version), t—time, k- rate constant, n – Avrami exponent.

To determine the k and n, formula (2) can be written in 
the following form (3) [44]:

(1)Xcr =
ΔHm − ΔHcc

(1 − �)ΔH100%PLA

∙ 100%

(2)1 − X(t) = exp
[

−ktn
]

The values of the relative crystallinity X(t) obtained 
at a time t during the DSC experiment can be plotted 
as log[-ln(1-X(t))] vs. log(t). The calculations were 
performed for the conversion degree in the range of 
3%—20%, to exclude the secondary crystallization 
phenomena which may take place afterwards [44, 45]. 
When a straight line can be fitted to the plot, the value 
of Avrami exponent can be read from its slope and logk 
is the intercept.

Taking into consideration that the Avrami equation is 
true for the reactions taking place in at a constant tem-
perature, Jeziorny proposed the corrected form of the 
crystallization rate kJ [43], as shown in formula (4):

where β = dT/dt—cooling rate.
Taken into consideration that crystallization of pol-

ymers is a complex process composed of many simul-
taneous phenomena, such as crystallite nucleation and 
growth, other models were also used, to fully understand 
the crystallization of PLA.

According to Ozawa, non-isothermal crystallization can 
be divided into infinitesimal isothermal steps and hence 
described as in formula (5) [46]:

where: X(T)—cooling function of non-isothermal 
crystallization, m—Ozawa exponent. The value of m can 
be obtained from plots of ln[-ln(1-X(T))] vs ln(β) as the 
slope of the curve according to the formula (6)

Another method was developed by Liu et al. [44, 47]. 
For a given conversion degree obtained with the cooling 
rate of β and temperature T the following Eqs. (7–9) are 
true:

where F(T) is the cooling rate needed at a unit crystal-
lization time when the measured system amounts to the 
certain degree of crystallinity and α is the ratio of the 
Avrami exponent to the Ozawa exponent for the chosen 
conversion degree.

(3)log[−ln(1 − X(t))] = nlogt + logk

(4)logkJ =
logk

�

(5)X(T) = 1 − exp(−K(T)∕�m)

(6)ln[−ln(1 − X(T))] = lnK(T) − mln�

(7)ln� = lnF(T) − �lnt

(8)F(T) =
[

K(T)∕k
]1∕m

(9)� =
n

m
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Isothermal crystallization

Crystallization of PLA and PLA-based composites was also 
studied in isothermal conditions using differential scanning 
calorimetry. The DSC measurement were conducted in the 
following way: samples were prepared as in the case of non-
isothermal tests. They were heated from 20°C to 210°C at 
a rate of 30°C/min and held in this temperature for 5 min to 
erase the thermal history of the material. Then, they were 
cooled at a rate of 30°C/min to the chosen crystallization 
temperature and held for 1 hour. Finally, the samples were 
heated once again to 210°C at a rate of 10°C/min to evaluate 
the melting behavior.

The crystallization kinetics was evaluated according to 
Avrami method, using formulas (2) and (3) . The values of k 
and n were determined by plotting log[-ln(1-X(t))] as a func-
tion of log(t) and fitting a linear function. The experimental 
points in the conversion degree of 3% to 50% were used in 
order to exclude the secondary crystallization phenomenon, 
which is not described by the Avrami formula [45]. The 
Avrami exponent was found as the slope of the line and logk 
is the intercept.

Crystallization of PLA and PLA-based composites 
was supplemented by isothermal crystallization studies 
conducted by polarized light optical microscopy (POM). 
Application of POM allows to observe the crystallites of 
the samples subjected to crystallization at different tempera-
ture values (100–140°C). First, 10 μm thick slices were cut 
out of the injection molded samples using a Leica RM2265 
microtome. The samples were placed on glass slides on 
a Linkam TMHS 600 hot plate. The heating/cooling pro-
gram was the same as in the case of DSC measurements, 
but after crystallization the samples were cooled to room 

temperature at a rate of 30°C/min. The crystalline structures 
were observed using a Nikon Eclipse E400 microscope with 
a magnification of 80x, equipped with an Opta Tech digital 
camera. To evaluate both the spherulitic structure and filler 
dispersion in the samples with different LC grades, the iso-
thermal crystallization at 130°C was performed. Based on 
the preliminary studies it was decided, that this temperature 
results in structure with relatively big crystallites, which are 
easy to observe.

Results and discussion

Non‑isothermal crystallization

The DSC curves obtained with the heating/cooling rate of 
10°C/min are presented in Fig. 1. The values of crystal-
linity degree calculate according to formula (1) based on 
the second heating cycle are presented in the graph. For 
the pure PLA sample, typical thermograms were obtained. 
The inflection visible at the heating curve around 63°C can 
be attributed to relaxation of the PLA amorphous domains 
(glass transition). Then, the exothermic peak around 95°C 
indicates presence of so-called cold crystallization, that is 
crystallization of a material during heating. This behavior 
is typical for the aliphatic polyesters such as PLA, which 
due to the build of the macromolecules does not crystallize 
easily [15, 48, 49]. It means that the cooling rate of 10°C/
min are high enough to quench the molten polymer [50]. 
Melting of PLA takes place around 160–180°C, as indicated 
by an endothermic peak. A small exothermic peak visible 
on the heating curve just before melting can be attributed 
to additional crystallization [51]. Another explanation is 

Fig. 1   DSC curves obtained during heating (left) and cooling (right) of the samples with a rate of 10°C/min
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disorder-to-order (α’ to α) phase transition, as it was in the 
case of PLLA by Zhang et al. [52]. When analyzing the 
cooling curve of pure PLA, only a broad and not distinctive 
crystallization peak around 95°C can be seen. This result 
confirms that the crystallization rate of PLA is too slow to 
obtain semicrystalline structure during cooling at a rate of 
10°C/min.

Addition of linseed cake with different oil content 
changes the melting and crystallization behavior of PLA, 
even though the temperatures of cold crystallization, melt-
ing and melt crystallization (Tcc, Tm and Tc, respectively) 
change insignificantly. However, it can be observed that the 
cold crystallization peak decreases along with increasing 
oil content in the filler, whereas the melt crystallization exo-
therm grows. In the case of the composite containing the 
highest amount of oil, that is LC39.8, the cold crystallization 
does not exist. These changes are also reflected by the values 

of the degree of crystallinity, which increases from 18.3% 
for PLA to 55.2% for the composite sample with the highest 
oil content. It can be presumed, that the crystallization rate 
is high enough, so the polymeric composite is not quenched 
during cooling with 10°C/min rate. This phenomenon can 
also be explained by changes of the nucleation of crystal-
lites. Based on the obtained data it can be hypothesized that 
in the case of the oil-rich composites a higher number of 
active nucleation centers can be formed during cooling and 
then, during the subsequent heating it is rather growth of 
spherulites that takes place instead of its nucleation. This 
change of the phenomena taking place in the polymer results 
in a different shape of melt and cold crystallization peaks. 
This result suggests that presence of linseed oil modifies the 
crystallization behavior of PLA and it is consistent with our 
previous studies [53], but an in-depth analysis of the kinetics 
of this process is needed.

Fig. 2   Relative crystallinity X(t) in function of crystallization time t obtained for PLA and its composites during cooling at a rate of: a) 2.5°C/
min, b) 5°C/min, c) 7.5°C/min and d) 10°C/min

1 3
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The plots of relative crystallinity X(t) vs time obtained 
during cooling with different rates for all the studied mate-
rials are presented in Fig. 2. All the samples present an 
S-shaped curve, which is typical for crystallization of poly-
mers [26]. In the case of both the pure PLA and its com-
posites, the increase of cooling rate results in the shorter 
time needed to complete the crystallization, but the degree 
of the changes depends on the linseed cake grade. During 
the experiment conducted with the lowest cooling rate, pure 
PLA sample presents a visibly different curve shape in com-
parison with the composites. In its case the crystallization 
begins earlier but due to less steep slope of the curve, the 
samples LC30.4 and LC39.8 achieve the 100% of relative 
crystallinity at a shorter time. The increase of heating rate 
results in a more similar run of the conversion degree curves 
for the pure polymer and its composites. During the test per-
formed with heating rates of 5–10°C/min, the samples with 
the highest oil content complete the process at the shortest 
time. The composites containing up to 17.7 wt% of linseed 
oil crystallize slower and its crystallization time is compa-
rable to the one of the pure PLA. Even though the LC30.4 
and LC39.8 complete crystallization at a shortest time, no 

clear relationship of the linseed oil content and the run of 
conversion degree curves was found.

As it can be seen, the influence of oil content in the filler 
and the crystallization of PLA-based composites is complex. 
Therefore, the crystallization rate k was calculated using 
the method proposed by Jeziorny. The values of the Avrami 
exponent and crystallization rate calculated according to the 
Jeziorny’s method are collected in Table 2.

As it is indicated by R2 > 0.98, the experimental points 
are well fitted to the model. The nJ values indicate the 
nucleation and crystallite growth mechanism during the 
non-isothermal crystallization. For the pure PLA, the expo-
nent values obtained for different cooling rates are in the 
range of 2.48—3.65. The nJ values around 2.61–3.23 are 
commonly obtained for this polymer [20, 26, 54] and they 
indicate spherulitic growth from the crystallization seeds ini-
tiated at the beginning of the process and plate-like growth 
from the nuclei initiated in further stages of the process [44]. 
The lowest value denoted for the highest heating rate may 
indicate two-dimensional growth of nuclei [44]. It can be 
concluded that fast cooling of PLA changes the mechanism 
of crystallization. In the case of the crystallization rate kJ of 
the neat polymer a visible relationship of this parameter and 
cooling rate can be observed. The fastest the cooling, the 
higher crystallization rate, which is also a typical behavior 
[54].

The Avrami exponent for the composite samples is the 
range of 2.45 – 5.52, but its values change with both the 
cooling rate and the linseed oil content. The lowest nJ values 
were obtained for β of 2.5°C/min and they increased with 
the cooling rate up to 7.5°C/min. Afterwards, a decrease of 
the Avrami exponent was observed for all the samples. It can 
be stated that the nucleation and growth of the crystallites is 
influenced by the cooling rate and consequently, supercool-
ing. When β is either too low or too high, the spherulites 
cannot fully develop [26]. For the majority of the studied 
composites, the highest nJ values around 5 were obtained 
with 7.5°C/min cooling rate, indicating three dimensional 
solid-sheaf growth with athermal nucleation [55]. Interest-
ingly, the Avrami exponents of the LC-filled samples con-
taining lower amounts of the oil change in the function of 
heating rate to a greater extent than the oil-rich ones. For 
example, in the case of the LC17.7 composite, the nJ values 
increase from 2.45 to 4.96 and for the LC30.4 one – from 
3.62 to 4.82. Therefore, it may be concluded that addition 
of the oil-rich waste filler makes the crystallization behavior 
of PLA more uniform and less dependent on the cooling 
conditions. What is more, the Avrami exponent values of 
specimen with the highest linseed oil content are notably 
high (up to 5.52) even for the lowest cooling rate. Addition 
of linseed cake to PLA changes the nucleation behavior from 
two-dimensional to three dimensional, but the most notable 
results can be achieved for the samples with the highest oil 

Table 2   The Avrami exponent and crystallization rate values modi-
fied according to the Jeziorny’s method for the studied samples

Sample Cooling rate 
[°C/min]

nJ kJ [min−n−] R2

PLA 2.5 3.23 0.082 0.9996
5 2.72 0.343 0.9952
7.5 3.65 0.533 0.9987
10 2.48 0.786 0.9993

LC0.9 2.5 2.60 0.086 0.9980
5 3.13 0.295 0.9909
7.5 3.84 0.504 0.9984
10 2.86 0.812 0.9990

LC4.6 2.5 3.30 0.061 1.0000
5 3.49 0.265 0.9842
7.5 5.21 0.413 0.9999
10 2.57 0.808 0.9991

LC17.7 2.5 2.45 0.087 0.9996
5 3.75 0.240 0.9806
7.5 4.96 0.422 0.9984
10 3.15 0.788 0.9997

LC30.4 2.5 3.62 0.046 0.9969
5 3.64 0.270 0.9869
7.5 4.82 0.456 0.9981
10 3.88 0.766 0.9999

LC39.8 2.5 5.22 0.016 0.9999
5 5.23 0.196 0.9990
7.5 5.21 0.462 0.9990
10 3.47 0.811 0.9997
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Fig. 3   Ozawa plots for a) PLA, b) LC0.9, c) LC4.6, d) LC17.7, e) LC30.4 and f) LC39.8 samples. Separate curves were drawn for each temperature

1 3
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content. The relative independence on the heating rate and 
Avrami exponent values presented by the LC39.8 sample 
suggests that presence of linseed oil facilitates the growth 
of polylactide crystallites. Similar results were obtained in 
the case of PLA plasticized with PEG, where the plasticizer 
promoted the crystal growth [56]. Therefore, it may be con-
cluded that the linseed oil act as a plasticizer in PLA matrix.

Similarly to the pure PLA, the crystallization rate of the 
composites increases with the cooling rate. The highest 
crystallization rate of 0.812 was obtained for the LC0.9 
sample cooled at a rate of 10°C/min, but no direct relation-
ship of kJ and oil content in the linseed cake was found. 
The crystallization rate values calculated for the different 
samples cooled with the same heating rate are compara-
ble and the changes can be explained by random factors, 
such as the signal processing by the measuring system and 
its resolution, as well as the shape and size of samples. 
This result can be counterintuitive, as the oil-rich samples 
were shown to complete the crystallization earlier than 
their counterparts (see Fig. 2). Apparently, the observed 
changes in non-isothermal crystallization time result from 

the changes of nucleation and crystallite growth behav-
ior rather than the increase of crystallization rate. When 
the crystallites growth in 3 dimensions, a shorter time is 
needed to complete this process in comparison to the 2-D 
layer-by-layer growth, even when the kJ values are com-
parable. It can be also assumed that due to differences in 
growth of the nuclei, the influence of oil content on crys-
tallization rate is more pronounced in the further stages of 
the process, as the analysis was performed for the conver-
sion degree in the range of 3–20%.

The ln[-ln(1-X(t))] vs. lnβ plots shown in Fig. 3 were pre-
pared in order to evaluate the non-isothermal crystallization 
of the PLA-based samples according to the method proposed 
by Ozawa [46]. The crystallization rate k(T) as well as the 
exponent m describing the crystallites’ growth should be 
obtained from the intercept and slope of the lines fitted to 
the experimental points. However, as it can be observed in 
Fig. 3, the experimental points do not fit to the Ozawa’s 
model. The changes in the lines’ slopes indicates that the 
value of m is not constant during the process and secondary 
crystallization takes place [44]. The changes of crystalliza-
tion rate in temperature could also explain the incoherence 
of the crystallization time and kJ comparison. Similar results 
were obtained in the case of non-isothermal melt crystal-
lization PLA-based composites modified with carbon black 
[20] or polylactide filled with egg shells and plasticized with 
poly(ethylene glycol) [26].

In similar cases the method created by Mo et al. was suc-
cessfully used [44, 47]. The values of α and F(T) param-
eters for the pure PLA and the composites obtained for the 
conversion degrees of 0.2, 0.4., 0.6 and 0.8 are collected 
in Table 3. The R2 values, also presented in Table 3 are 
mostly above 0.95, which indicates that the studied materials 
fit the model. Nevertheless, the fitting is not perfect which 
presumably results from the presence of multiple phases in 
the materials.

The α parameter is the ratio of Avrami exponent n 
to the Ozawa exponent m. For the pure PLA it is in the 
range of 0.67–0.78 and it increases  in the function of 
conversion degree. The α values of the composites fol-
low a similar pattern. For the samples LC0.9, LC4.6 and 
LC17.7 they are lower than for the pure resin, from 0.56 
at 20% relative crystallinity to 0.76 at 80%. A visible 
increase of α values can be observed in the case of the 
composites with the highest oil content – the ratio of 
Avrami and Ozawa exponent is as high as 0.85 at a con-
version degree of 80%.

The F(T) is a parameter which indicates the cooling 
rate which is needed to obtain a chosen degree of crystal-
linity [26]. It is connected to the polymer’s crystalliza-
tion rate and its higher value signalizes slower crystal-
lization [17]. As it can be seen in Table 3, F(T) generally 

Table 3   The values of α and F(T) parameters for different conversion 
degrees

Sample Conversion 
degree

α F(T) R2

PLA 0.2 0.67 12.95 0.9849
0.4 0.71 15.82 0.9870
0.6 0.74 18.53 0.9892
0.8 0.78 21.99 0.9900

LC0.9 0.2 0.56 11.69 0.9584
0.4 0.64 14.42 0.9712
0.6 0.69 16.94 0.9766
0.8 0.73 20.23 0.9832

LC4.6 0.2 0.56 11.83 0.9403
0.4 0.64 14.35 0.9541
0.6 0.70 16.98 0.9574
0.8 0.76 20.39 0.9599

LC17.7 0.2 0.57 12.10 0.9495
0.4 0.63 14.34 0.9589
0.6 0.68 16.58 0.9619
0.8 0.72 19.43 0.9634

LC30.4 0.2 0.65 12.55 0.9661
0.4 0.72 14.93 0.9730
0.6 0.78 17.56 0.9751
0.8 0.86 21.49 0.9737

LC39.8 0.2 0.62 11.48 0.9595
0.4 0.69 13.57 0.9687
0.6 0.76 15.91 0.9722
0.8 0.85 19.54 0.9682
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increases with the relative crystallinity, which means that 
at the higher conversion degree a higher cooling rate 
should be applied [17]. Pure PLA can be characterized 
with F(T) in the range of 12.95–21.99 in the crystallinity 
range of 20–80%, which is rather low for this polymer but 
not atypical [20]. Even though the lowest F(T) values of 
11.48–19.54 are achieved by the LC39.8, no clear cor-
relation of the linseed oil content and this parameter can 
be seen. Nevertheless, all the composite samples reveal 
lower F(T) values than pure PLA, which indicates that 
the process of crystallization is faster for the LC-filled 
materials. This result is in line with the simple compari-
son of the crystallization curves presented in Fig. 2.

Based on the experimental data, equilibrium melting tem-
perature values Tm0 of the chosen samples were obtained 
from the crossover point of Tm = Tc line and the extrap-
olation of Tm as a function of Tc [57], as it is shown in 
Fig. 4. The equilibrium melting temperature of pure PLA 
is 183.8°C, which is in the range typically obtained for this 
polymer [20, 23]. The composites with the lower oil con-
tent present Tm0 values almost identical to the one of the 
neat polymer. Interestingly, the equilibrium melting tem-
perature of the LC39.8 sample is about 10°C higher than for 
the remaining samples. This behavior can be explained by 
a more perfect structure of the crystallites in the composite 
modified by linseed oil [23, 57].

Isothermal crystallization

The microstructures of the isothermally crystallized LC39.8 
composite and the pure PLA observed using the optical 
microscope in the polarized light are presented in Fig. 5. 
As it can be observed, crystalline structure was obtained 
for both materials crystallized in all the chosen tempera-
tures. The lowest Tc results in exceptionally fine structure 
with individual crystallites measuring below 10 μm. The 
rate of nucleation is higher than the rate of spherulites’ 
growth, therefore the crystallites are densely packed, small 
and irregular. This behavior can be attributed to the regime 
III of crystallization, according to Hoffman theory [58]. 
When crystallization takes place in 100°C or 110°C, no 
observable difference between the pure PLA and the lin-
seed cake-filled composite can be spotted. The increase of 
Tc to 120°C causes a notable increase of spherulites, which 
is especially prominent for the pure PLA. When the crys-
tallization temperature of 130°C is applied, the polylactide 
crystallites achieve a size of almost 100 μm. Their shape 
is almost spherical, however, the growth of one crystallite 
is limited by the others. It can be stated that in 130°C the 
crystallization regime II by Hoffman [58] takes place. In 
the case of LC-filled sample, the structure is comparable 
to the one of pure polymer, but the crystallites are smaller. 
The major difference between the PLA and LC39.8 can be 

Fig. 4   Determination of equi-
librium melting temperature for 
chosen samples
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Fig. 5   Microstructures of PLA 
and LC39.8 samples crystal-
lized isothermally in different 
temperatures
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noticed for the samples crystallized in 140°C. In the case 
of pure polyester, individual spherulites with the diameter 
about 100—400 μm can be seen, but most of the sample 
stays amorphous. Apparently, the supercooling is too low 
to cause the crystallization of the whole volume of the poly-
mer. The rate of nucleation is visibly lower than the rate of 
the crystallite growth, which can be ascribed to the crystal-
lization regime I by Hoffman [58]. The composite sample 
shows a completely different behavior. The whole observ-
able sample is in a crystalline form, the only dark spots are 
the lignocellulosic filler particles. Large crystallites differ in 
shape and optical properties from the spherulites observed 
for pure PLA sample. The differences in the microstructure’s 
appearance can result from lamellar twisting during crystal-
lization [59] due to unbalanced stress on the lamellar growth 
front [60]. It can be presumed that the linseed oil can be 
absorbed on crystal boundaries and therefore increase the 

surface stress at lamellas, similarly to the non-crystallizing 
components of polymeric blends which show this behavior 
[59]. Interestingly, the lignocellulosic particles do not act 
as centers of crystallites’ growth. As addition of LC did not 
significantly change the melting point of the polymer, the 
supercooling for the LC39.8 particle was roughly the same 
as for the pure polymer, yet it did allow the crystallization. 
Therefore, it can be concluded, that presence of linseed cake 
increases the crystallite growth rate in PLA. It also needs 
to be noticed that LC particles are not the crystallization 
seeds, so linseed cake is not a nucleating agent for PLA, 
even though it influences its crystallization.

To further analyze the influence of the filler and its 
dispersion on the crystalline structure of the composites, 
isothermally crystallized composite samples with differ-
ent LC grades are shown in Fig. 6. First, the filler parti-
cles (marked in red) are dispersed in the whole volume 

Fig. 6   Microstructures of PLA 
and different LC-filled compos-
ites crystallized isothermally 
at 130°C. Filler particles are 
colored in red

1 3
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of the composite, but their size differs among the studied 
samples. The composites such as LC0.9 and LC 4.6, con-
taining the lowest oil content, can be characterized with 
the largest particle size and distribution. Presumably, the 
defatted LC particles, containing more lignin and holo-
cellulose are more resistant to shearing forces during 
the melt mixing of the composite using the twin-screw 
extruder and injection molding of the samples, whereas 
the oil-rich linseed cake is softer and easier to pulver-
ize. It needs to be noticed that the used filler particles, 
especially in the case of the higher oil content, do not 
create aggregates, which confirms its good compatibility 
with PLA.

Spherulites are present in microstructures of all the stud-
ied materials. The size of the crystallites in the LC0.9 and 
LC4.6 composites is similar to the one present in the unfilled 
PLA. The higher the oil content, the smaller spherulites can 
be observed, which indicates that the oil is the main factor 
influencing the crystallization of PLA. Moreover, the fact 
that both the particle and spherulite size decrease for the 
oil-rich samples, it can be presumed that the finer particles 
have larger contact area with the polymeric matrix, so their 
interaction are more intense and the influence on the crys-
tallization is more notable. However, the placement of the 
crystallites is not connected to the particles – they do not 
serve as centers of crystallization. It can be concluded that 

Fig. 7   Relative crystallinity X(t) in function of crystallization time t obtained for PLA and its composites during isothermal crystallization at 
temperature of 90, 110, 110 or 120°C
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oil present in the linseed cake influences both the filler dis-
tribution and spherulitic structure of PLA-based composites, 
but the LC particles do not serve as seeds of crystallization.

The run of crystallization curves obtained during the 
isothermal experiment are shown in Fig. 7 and the plots 
of crystallization rate k and crystallization half time t1/2 
(i.e. the time needed to obtain 50% relative crystallin-
ity) in function of temperature are presented in Fig. 8. 
It can be observed that the t1/2 values determined for 
all the studied materials present a similar relationship 
with the temperature – the minimum of crystallization 
half time (the optimum crystallization temperature Topt) 
takes place about 100–105°C. There is a notable differ-
ence of t1/2 values between the PLA and its composites 
in the whole temperature range. The neat polymer has the 

crystallization half time of 2.16–5.57 min. The samples 
LC0.9, LC4.6 and LC17.7 present similar but smaller 
t1/2 values. The only exception is the result obtained dur-
ing isothermal crystallization at 125°C, when the pure 
PLA achieved 50% relative crystallinity sooner than the 
composites with 0.9–17.7% oil in the filler. The com-
posites with the highest oil content have the shortest 
crystallization half time – for LC39.8 it is in the range 
of 0.80–4.70  min. The values of crystallization rate 
obtained during isothermal crystallization are presented 
in Fig. 8 as a function of temperature. Logarithmic y-axis 
was chosen to better present the differences between the k 
value obtained for the studies samples, as the differences 
between them are several orders of magnitude high. The 
isothermal crystallization rate is notably influenced by 

Fig. 8   Crystallization half time (left) and crystallization half time (right) as functions of temperature for the pure PLA and its composites

Table 4   The Avrami exponent 
n values for the studied 
samples crystallized at different 
temperatures

Crystallization temperature [°C]

Sample Result 90 100 105 110 115 120 125
PLA n 2.16 2.69 3.08 2.71 2.42 2.43 2.27

R2 0.999 1 0.999 0.999 0.999 0.999 0.998
LC0.9 n 2.52 2.56 2.53 3.03 2.20 2.54 2.81

R2 0.998 0.999 0.999 0.999 0.998 0.999 0.994
LC4.6 n 2.44 2.79 2.64 2.73 2.50 2.22 2.62

R2 0.998 1 0.999 0.999 0.999 0.998 0.999
LC17.7 n 2.24 2.54 2.58 2.78 2.53 2.35 2.24

R2 1 1 0.999 0.999 0.998 0.999 0.999
LC30.4 n 2.73 2.45 2.68 2.87 2.64 2.30 2.64

R2 0.999 1 1 0.999 0.999 0.999 0.999
LC39.8 n 2.31 2.55 2.57 2.57 2.48 2.77 2.83

R2 0.999 1 0.999 0.999 0.999 0.999 1
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Journal of Polymer Research  (  2  0   20  ) 27:     374 Page 13 of 17 374



1 3

both the temperature and the sample’s composition. The 
highest k values were denoted in the case of crystalliza-
tion temperature around Topt, for all the composites. As 
it reveals from Fig. 8, the linseed cake-modified samples 
with the highest oil content present the highest crystal-
lization rate. For the LC39.8 specimen the maximum val-
ues exceed 1 min−n. The difference between pure PLA 
and its composites is especially visible for crystalliza-
tion temperatures below Topt, where the crystal growth 
determines the overall crystallization rate [24] due to the 
increased mobility of polylactide macromolecules in the 
presence of the natural oil, especially in the lower range 
of the temperatures, i.e. around Topt and below.

The values of the Avrami exponent n obtained during iso-
thermal crystallization of PLA and its composites are collected 
in Table 4. For pure PLA, the n values are in the range of 
2.16–3.08 and the highest value was recorded for crystalliza-
tion at Topt. The composite samples have the Avrami exponent 
values in a similar range as the pure PLA. No clear relationship 
of the n value and the temperature or linseed cake type was 
seen. As the n values around 2 indicate two dimensional crys-
tallite growth on a lamellar structure and the Avrami exponent 
close to 4 suggest three dimensional heterogeneous crystal 
growth from an instantaneous nucleation [16, 21], it can be 
concluded that a mixed nucleation and crystallite growth takes 
place in the case of PLA and its composites.

Table 5   Comparison of the kinetic parameters of melt crystallization of PLA-based materials determined in the present study and described in 
the literature

Conditions Material n k Ref

Non-isothermal melt crystallization Cooling rate of 
5 °C/min

PLA 2.72 0.323 Present study
LC39.8 5.23 0.196
PLA 4.77 0.384 [19]
PLA + 2.5 wt%SiO2 6.15 0.427
PLA + 2.5 wt%MMT 4.52 0.302
PLA + 2.5 wt%MWCNT 2.63/7.69 0.220/0.287
PLA - - [54]
PLA + 1%PTMC 2.29 0.980
PLA + 1%PPETC 2.15 1.050
PLA 2.8 0.020 [17]
PLA + 15wt% TPP 2.9 0.006
PLA 3.94 0.578 [25]
PLA + 7% jojoba oil 3.08 0.679

Isothermal melt crystallization Tc = 100 °C PLA 2.69 0.116 Present study
LC39.8 2.55 1.092
PLA 3.30 2.19∙10–4 [21]
PLA + 0.2 wt%CNT 3.00 0.017
PLA 3.06 8.709∙10–14 [16]
PLA + 5wt% talc 2.31 0.025
PLA 2.23 0.005 [51]
PLA + 10wt% starch 2.36 0.083
PLA + 1wt% talc 1.69 2.800

Tc = 104 °C PLA 2.50 0.003 [61]
PLA + 1wt% Graphene nanosheets 2.52 0.008

Tc = 114 °C PLA 2.26 2.69∙10–4 [23]
PLA + 10wt% Triphenyl Phosphate 2.24 0.002

Tc = 120 °C PLA 2.60 1.25∙10–5 [26]
PLA + 20wt% PEG 2.30 0.001
PLA + 20wt% eggshells 2.60 0.031
PLA + 20wt%PEG + 20%eggshells 2.20 0,251

Tc = 140 °C PLA 2.40 7.94∙10–11 [15]
PLA + 1%Lak 2.80 0.127
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Conclusion

In influence of linseed oil grades with different oil content 
on crystallization of PLA was studied. A comparison of the 
crystallization parameters determined in the present study 
and described in the literature is presented in Table 5. A 
clear influence of oil content in the filler on non-isothermal 
as well as isothermal crystallization was observed, but the 
exact behavior depended on the measurement conditions. 
It was observed that crystallization of oil-rich composites 
is faster in both isothermal and non-isothermal conditions, 
but the mechanism of the changes is different. When the 
process is conducted at constant temperature (constant 
supercooling), the addition of oil-rich linseed cake notably 
increases the crystallization rate of PLA, but the mechanism 
of nucleation and growth of crystallites does not change in 
comparison with pure polymer. The difference between the 
linseed cake-filled and neat polylactide is especially promi-
nent in the lower range of temperatures, when the crystal-
lization rate is mostly dependent on the crystallites growth. 
In non-isothermal conditions the crystallization rate of the 
composite samples and the unmodified polylactide is com-
parable but the nucleation of crystallites is faster and their 
growth changes from two- to three dimensional. Based on 
the obtained data it can be concluded that LC particles do 
not act as nucleation seeds by themselves, but natural oil 
promotes the movement of macromolecules, which results in 
easier self-nucleation and subsequent growth of crystallites.

In the industrial practice non-isothermal crystallization 
usually takes place, e.g. during cooling injection molded 
polymer in the mold. It can be predicted that addition of LC 
to PLA can result creation of more perfect crystalline struc-
ture in a shorter time, and consequently – a faster production 
of good quality parts.
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