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Abstract
In this paper, we investigated the thermoformability of Epoxidized Natural Rubber (ENR)-filled Poly(Lactic Acid) (PLA) 
films using elevated temperature tensile and ball burst tests. Three different d-Lactide contents of PLA were used to be able 
to analyze the effect of crystallization and crystallinity. We observed that the ENR acted as a nucleating agent in PLA when 
the blend was cooled from melt or cold crystallized, but it retarded the drawing-induced crystallization of PLA at elevated 
temperature tensile testing since ENR droplets acted as obstacles. The effect of NR on PLA crystallization was also found 
to be dependent on d-Lactide content. In the ball burst test, different behaviors were observed for PLA with the lowest 
d-Lactide content, which was caused by the complex stress state that even more induced crystallization of PLA and then a 
single-axis tensile test.
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Introduction

From the beginning of the twenty-first century, the biopoly-
mers got more and more focus due to their two exceptional 
properties; namely, they can be produced using renewable 
agricultural biomass, and they are inherently biodegradable. 
Accordingly, it is believed that they could solve or at least 
reduce the plastic industry's dependence on petroleum, and 
furthermore, due to their biodegradability, the accumulation 
of single-use plastics in landfills can be reduced. Due to 
these two exceptional properties, biopolymers fulfill the con-
cept of environmental consciousness and circular economy 
as well as fit into nature’s life cycle [1–5].

There are currently around a dozen types of biopolymers 
in the market, but the most available and promising one is 

Poly(Lactic Acid) (PLA). PLA is a semi-crystalline, thermo-
plastic, aliphatic polyester, and to produce it, first the glu-
cose content of starch- or sugar-containing crops like wheat, 
maize, potato, rice, or sugar beet, respectively, is fermented 
into Lactic Acid (LA). From LA usually first its dimer is 
made called Lactide, and afterward, PLA is synthetized from 
Lactide through ring opening polymerization (ROP). Due 
to the fact that LA has two stereoisomers named l-Lactic 
Acid (LLA) and d-Lactic Acid (DLA), three Lactide vari-
ations exist of l-Lactide, d-Lactide and d-l-Lactide (also 
known as meso-Lactide). Accordingly, PLA is actually not 
one but a whole polymer family, since it can be considered 
as the copolymer of d- and l-Lactide. In nature, the exist-
ence of l-Lactide is more favorable; thus, a conventional 
PLA grade contains mainly l-Lactide with around 1–15% 
of d-Lactide content, while Poly(l-Lactic Acid) (PLLA) and 
Poly(d-Lactic Acid) (PDLA) are isotactic PLA grades that 
contain 0% and 100% d-Lactide, respectively [6].

d-Lactide content significantly affects the thermal, 
crystallization and mechanical properties, namely lower 
d-Lactide content, and thus, purer PLA grade represents 
higher crystal melt temperature and faster crystallization; 
thus, naturally PLLA has the highest crystal melt tempera-
ture of around 175 °C. Even though PLLA has the fastest 
crystallization rate due to its isotactic structure compared 
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to higher d-Lactide content PLA grades, during processing, 
even PLLA products will become mostly transparent and 
will have low crystallinity due to the still slower crystalliza-
tion rate compared to ordinary plastics like Poly(Ethylene) 
(PE) or Poly(Propylene) (PP) [7, 8]. PLA can be processed 
using normal/traditional plastic processing machines like 
injection molding, thermoforming, extrusion, bottle or film 
blowing or fused deposition modeling (FDM) [9, 10]. A 
PLA product typically represents high modulus (~ 3 GPa 
tensile modulus) and strength (~ 65 MPa tensile strength), 
but it is brittle with 3–5% of strain at break and 2–4 kJ  m−2 
of Charpy impact strength [7]; however, it can be widely 
modified by, for example, using reinforcements [11] or 
other polymers including thermoplastic starch (TPS) [12] 
or poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 
[13, 14].

Regarding crystallization, PLA crystallizes slowly and 
it has several crystal forms: α, β, γ and η (also called ste-
reocomplex) [15]. α form is the most common type forms 
during processing of PLA (either during cooling from melt 
or solid state crystallization/ annealing) or from solution [16, 
17]. A less ordered crystal form of α′ also exists with the 
same conformation but a loose packing manner compared to 
the more ordered α form [18–20]. β form develops through 
the high drawing of the α form at a high temperature [21, 
22], while γ crystal is formed by applying epitaxial crystal-
lization [23]. Finally, if the optically pure PLLA and PDLA 
are blended, stereocomplex PLA forms [24–26]. Naturally, 
the crystal structure formed has major influence on the ther-
momechanical properties of the product and even there is 
high difference in properties due to α or α′ crystal structure 
[27].

In a lot of cases, it is aimed to use PLA for the substitution 
of ordinary plastics in case of thermoformed products, but to 
do so, its toughness should be improved. One of the easiest 
possibilities for improving impact strength or ductility of 
PLA is to add another biobased material, which is ductile in 
nature. A possible biomaterial is the cis-1,4-Poly(isoprene). 
It is the main component in both Natural Rubber (NR) and 
Isoprene Rubber (IR) [28]. Nowadays, NR is considered as 
one of the major components in the rubber industry, while 
synthetic rubbers (SRs) are used to replace NR. Latex can 
be obtained by tapping the Hevea brasiliensis, also called 
as “rubber-tree”. Latex is considered as a water suspension 
of 30–38% cis-1,4-Poly(isoprene). Today, obtaining NR 
is still 99% based on the “rubber-tree” by solidifying the 
suspension. Before further processing, NR is an amorphous 
elastomer form and has a density around 0.93 g  cm−3. It has 
also low strength and stiffness, while being combustible. To 
obtain better properties, it is usually cross-linked (cured) 
or as it is called in the rubber industry, vulcanized, usually 
using sulfur. Based on the extent of curing, one can divide 
rubbers into soft and hard rubber [29].

The properties of NR, like biobased feature, biocompat-
ibility, low Young’s modulus, enormous toughness and low 
cost, make it perfectly suitable for toughening rigid poly-
mers like PLA. Many papers deal with the investigation of 
NR-filled PLA blends [30–40].

Regarding the morphology of NR-filled PLA, a dispersed 
structure was found, where NR is the dispersed phase and 
PLA plays the role of the continuous phase (typical island-
sea-type morphology), while there is weak adhesion found 
between the phases. In the research of Bitinis et al. [30], 
it was also found that the diameter of the dispersed NR 
droplets could be influenced by the processing parameters. 
Accordingly, increasing melt temperature and thus decreas-
ing viscosity during processing cause an increase in the size 
of the NR droplets. For instance, using an internal mixer, an 
average droplet size of 1–2 μm could be achieved. Epoxi-
dization of the NR (ENR) could also be an effective tool 
to achieve a finer size distribution (lower droplet size) as 
well as partial compatibility between the phases and overall 
improved strain and impact properties [31, 32]. In a research, 
20 mass% and 35 mass% NR content PLA blends were inves-
tigated and it was observed that when the blend contained 
35% of NR, the mechanical properties were superior; for 
example, seven times higher impact strength was achieved 
compared to pristine PLA. This was caused by an inter-pen-
etrating network (IPN) of NR and PLA developed due to the 
right NR content [33]. This IPN structure or also called as 
co-continuous structure is highly advantageous to achieve 
high toughness properties, not only in the NR-filled PLA, 
but also in other bioplastic blends as well. In the research 
of Yuan et al. [34], dicumyl-peroxide cross-linking additive 
was applied to the blend. It was pointed that the 20 mass% 
NR and cross-linking agent-filled PLA blend improved the 
adhesion between the phases after vulcanization. Addition-
ally, it was found that even at this low NR content, an IPN 
structure was found that increased the mechanical properties 
of the blend. Finally, the particle size of the NR droplets is 
also influenced by the NR content, since the increasing NR 
content increases their particle (droplet) size as well [35].

According to the crystallization of NR-filled PLA, it was 
demonstrated that the blending of NR and PLA improves 
the crystallization of PLA; thus, it a minor nucleating abil-
ity of NR on PLA was found and thus a small increase in 
the crystallinity of PLA could be measured [30, 31, 33–35]. 
At the same time, some papers reported the opposite; thus, 
the crystallization of PLA was retarded by the presence of 
NR [32, 36]. Most probably, the nucleation ability of NR 
on PLA is influenced by the purity (tacticity) of PLA used 
(d-Lactide content).

Regarding the mechanical properties of NR-filled PLA 
blends, it was observed that adding NR to PLA typically acts 
as a plasticizer; namely, strength and modulus is reduced, 
while elongation and toughness is improved, especially 
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when NR phase not only appeared as a dispersed but co-con-
tinuous phase. One optimal NR content was found around 
10 mass% according to the crystallization, thermal stability 
and mechanical properties, in the investigated 0–30 mass% 
NR content range [30, 31, 33, 37, 38]. When using NR con-
tent above 20 mass%, the elongation was highly reduced, due 
to the large NR droplet size and to the coalescence of the 
droplets [35]. When ENR is used, it was pointed that it had 
higher adhesion with PLA; at the same time, the untreated 
NR-filled PLA blend reached better impact properties [37]. 
As a continuation of this research, the influence of the mas-
tication of NR was also investigated. During this process, 
both molecular weight and viscosity decrease causing the 
particle size to decrease. Masticating NR causes an enor-
mous increase in impact strength due to reaching the opti-
mal NR droplet size of around 0.5–1 μm, while below this 
level, toughness decreases. In the studies of Yuan et al. [34, 
35], 20 mass% and 40 mass% NR content PLA blends were 
investigated with vulcanization additive (dicumyl-peroxide). 
By using dynamic vulcanization, 35 mass% NR-filled PLA 
blends were developed with the outstanding ~ 60 kJ  m−2 
impact strength, while the impact strength of neat PLA was 
around only 3 kJ  m−2 [34]. Furthermore, the same blend not 
only had high impact strength but also very high elongation 
at break (> 200%) [35].

According to the thermal stability, it was found that PLA/
ENR blends have slightly improved thermal stability than 
PLA/NR blends due to the better interfacial adhesion [35].

The degradation properties of 90/10 mass% PLA/NR 
blend were investigated based on simulated compost accord-
ing to ISO 20200 standard [39]. It was found that the PLA/
NR blend needed more time for degradation compared 
to neat PLA, since the rather slow rate of degradation of 
NR reduced the overall rate of degradation of the whole 
blend. In our previous paper [40], a toughening mechanism 
was found, namely the combined use of NR followed by 
an annealing process causes a positive cross-effect. This 
means that the toughness of the NR-filled PLA blend had 
enormously higher toughness with annealing than without 
annealing. A similar phenomenon could also be seen in the 
paper of Suksut and Deeprasertkul [36], since they added 
nucleating agents to 10 mass% NR content PLA, where the 
tensile toughness of the nucleated and NR-filled PLA com-
pounds was higher than the only nucleated or only NR-filled 
PLA compounds. However, in this case no direct connec-
tion between the crystallinity and the presence of NR on the 
toughness was found.

As it was found, NR is suitable for enhancing the strain 
and the ductility of PLA films or sheets used for thermo-
forming. However, currently, there is no direct measurement 
to determine and characterize the deformability and thermo-
formability of a plastic film. In most cases, elevated tempera-
ture tensile measurements directly performed thermoforming 

tests with the final molds, different burst tests [41], simula-
tions [42], pneumatic tests (plastic film is heated up and 
pneumatically inflated) or the combination of the mentioned 
are used to examine the behavior of a polymer sheet during 
thermoforming. The ball burst test is originally designed 
for investigating fabrics. Typically, multiaxial deformation 
is caused by the penetration of the ball on the clamped fab-
ric, and these conditions are much closer to the real multi-
axial stress conditions of thermoforming. Accordingly, it 
is worth investigating the applicability of the ball burst test 
for thermoforming sheets. Thermoforming investigation of 
PLA sheets is a fairly new research field; therefore, in our 
latest publication [43] different purity (d-Lactide content) 
PLA films were analyzed regarding thermoformability by 
applying using ball burst tests at various rates of deformation 
and temperatures. It was found that during ball burst testing, 
the crystallinity significantly increased (from around 6% to 
46–48% in case of low d-Lactide content PLA (1.4%) due 
to the joint effect of elevated temperature (above Tg) and 
mechanical stress. Both d-Lactide content, testing rate and 
testing temperature had an influence on the crystallinity.

Finally, since according to our previous results, on the 
one hand there is a toughening mechanisms, there is a syner-
gistic effect between the presence of NR as toughening agent 
and the crystalline structure of PLA on the toughness of 
NR-filled PLA blends, and on the other hand, we found that 
during thermoforming or ball burst test the crystallinity of 
PLA significantly increases; thus, we found it worth to inves-
tigate the thermoformability properties of PLA/NR blends 
using elevated temperature tensile testing and ball burst 
tests, where the crystallinity needed to initiate the toughen-
ing mechanism could be developed by rubbery state strain.

Experimental

Materials and processing

NatureWorks (Minnetonka, MN, USA) PLA grades of 
4032D, 2003D and 4060D were purchased and used for 
this research. The grades had a d-Lactide content of 1.4%, 
4.3% and 12%, respectively. All the used PLA grades had 
1.24 g  cm−3 of density, 55–60 °C glass transition tempera-
ture, a melting point between 155 and 170 °C (the lower the 
d-Lactide content the higher the melting point) and an MFI 
of 6–7 g 10  min−1 (at 210 °C and 2.16 kg load). 6-h 80 °C 
drying was applied with a hot air drier to remove moisture. 
Epoxyprene 50 (Thailand) grade ENR from Mai Guthrie 
Public Company was used for the research. This ENR is pro-
duced using natural rubber latex with 50% epoxidation. Its 
Tg is − 24 °C, the density is 1.20 g  cm−3, while the Mooney 
viscosity 70–100.
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A corotating double screw extruder type LabTech LTE 
26–44 Scientific (Labtech Engineering Ltd., Samutpreken, 
Thailand) with an L/d = 44 and a screw diameter of 26 mm 
was used for compounding of PLA and ENR. Zone tempera-
tures of the extruder were 175 and 190 °C between the hop-
per and the die, while the screw rotational speed was 10 rpm. 
10 mass% ENR was added to PLA. After compounding and 
pelletizing, another drying sequence was used at 80 °C for 
6 h to crystallize the pellets before film extrusion to avoid 
amorphous pellet sticking phenomenon.

From the dried pellets, films with a thickness of 400 µm 
were made using a LabTech LCR 300 film line. The coat-
hanger die had a gap size of 1 mm, and the roll temperature 
was set to 65 °C. The extruder had an Ø 25 mm, 30 L/d 
screw, and the zone temperatures were set to 175–190 °C 
(from hopper to die). The rotational speed of the screw 
was 54 1/min, and the pulling peripheral speed was 1.0 m/
min. Films were finally left to cool to room temperature 
of 22–24 °C. The specimens used for the research were 
obtained from the middle part of the films. Dumbbell-shaped 
specimens (ISO 527–3/4) and 60 × 60 mm flat specimens 
were cut from the films for the tensile tests and the ball burst 
tests, respectively.

Methods

Differential scanning calorimetry (DSC) measurements were 
made using a TA Instruments Q2000 DSC for the research. 
4–5 mg small samples were investigated using nitrogen 

as purge gas at 50 mL  min−1. Non-isothermal scans were 
applied with a heating and cooling rate of 5 °C  min−1 from 
0 to 200 °C, to obtain the glass transition temperature (Tg), 
the cold crystallization temperature (Tcc), the enthalpy of 
cold crystallization (ΔHcc), the melting temperature (Tm), 
the enthalpy of fusion (ΔHm) from the heating scan and the 
crystallization temperature (Tc), and the enthalpy of crystal-
lization (ΔHc) from the cooling scan.

Crystallinity was calculated from the first heating scan to 
be able to investigate the effect of processing (1):

where X [%] is the crystallinity, ΔHm [J  g−1] and ΔHcc [J 
 g−1] are the enthalpy of fusion and cold crystallization, 
respectively, while ΔHf [J  g−1] is the enthalpy of fusion for 
the theoretically 100% crystalline PLA (93.0 J  g−1) [44] and 
α [−] is the mass fraction of the NR used.

A Zwick Z250 universal tensile tester (Ulm, Germany) 
was applied to the tensile testing of the PLA- and NR-filled 
PLA films cut in flow-wise (“production”) direction (ISO 
527–3/4 standard specimens) (Fig. 1).

Measurements were carried out at room temperature and 
on temperatures according to the thermoforming temperature 
of PLA (65 °C, 70 °C and 75 °C) using a heated chamber. 
Cross-head speeds of 50, 100, 200, 350 and 500 mm  min−1 
were used. The initial grip length was 115 mm, and the 
maximum grip length was 320 mm due to the geometric 

(1)X =
ΔHm − ΔHcc

ΔHf(1 − �)
⋅ 100[%],

Fig. 1  The measurement setup 
used for the tensile testing
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limitations of the heat chamber. At elevated temperature, 
no specimens broke until reaching this maximum grip 
length; thus, for all of the specimens the drawn ratio was 
1.78 (178%). After the tensile testing, the specimens were 
removed from the heated chamber to avoid further crystal-
lization. All temperature and cross-head speed combinations 
were measured, and five parallel measurements were made.

A Zwick Z250 universal tensile tester was applied to 
perform ball burst tests. The apparatus was also used in 
our previous publication, where the detailed construction 
could be observed [43]. As a preparation for performing the 
measurement, the clamping ring is opened and then the disk 
specimen could be placed. The specimen is mounted by the 
sample fastener screw, and after controlling temperature, the 
measurement could be initiated. During the ball burst test, 
the ball moves vertically and the force–displacement values 
are recorded (Fig. 2).

The clamping fixture had a diameter of 54 mm, the inner 
hole had a diameter of 25 mm, while the diameter of the 
burst ball was 19 mm. Ball burst tests were performed at 
elevated temperatures of 65 °C, 70 °C and 75 °C. 50, 100, 
200, 350 and 500 mm/min cross-head (ball burst) speed was 
applied on the specimens (60 × 60 mm samples cut from 
the films). We waited 5 min after placing the films into the 
heat chamber for reaching the desired temperature. The 
maximum burst extension was 65 mm due to the limits of 
this measurement. Neither of the specimens broke until this 
maximum extension was reached due to the elevated tem-
perature testing and the specific force values were recorded 
at this extension. Even though ball burst tests better repre-
sent the multiaxial stress and strain conditions of thermo-
forming compared to the much simpler uniaxial tests; at the 
same time, it has its own limitations (limited strain rate of 
the tensile tester and limited maximum drawing height of 
the clamp design). Additionally, ball burst measurement as 
a testing method can only be applied to determine the force 
needed in the two major phases of thermoforming (heating 
and drawing), but it does not take the cooling and solidifying 
process into consideration. However, the mentioned heating 
and drawing phases are considered as the most important to 
predict how a plastic sheet can be thermoformed.

Results and discussion

Firstly, the first heating DSC curves (Fig. 3a and b) and 
the crystallinity values (Table 1) of the neat 2003D PLA 
and 2003D PLA + 10 mass% ENR films are investigated 
(both not tested (named as “reference”) and tensile tested 
at lower and higher strain rates of 50 mm  min−1 and at 
500 mm  min−1, respectively).

On the first heating curve of the 2003D PLA refer-
ence, one can notice Tg (57.9 °C),  Tcc (116.4 °C) and Tm 

(148.8 °C). Since cold crystallization is visible on the curve, 
it proves that it was not possible for the crystallization to fin-
ish during cooling the extruded film. Crystallinity was found 
to be negligible, 1.7%, while crystal melt temperature also 
is rather low, which both are caused by the 4.3% d-Lactide 
content, which is considered as high. When 10 mass% ENR 
was added to the 2003D PLA grade,  Tcc slightly decreased 
to 114.7 °C which presumes some, but insignificant nucleat-
ing effect. When the reference films are annealed (but not 
stretched), it only induced a slight increase in crystallinity. 
Please note that annealing time was selected as the same 
time as the tensile tested specimens took in the heated cham-
ber. Accordingly, this time was not enough for significant 
crystallization, and thus, all the crystallinity increase in 
tensile tested specimens could be related to drawing caused 
orientation. When 2003D PLA and 2003D PLA + ENR com-
pounds were tensile tested at 60 °C or 65 °C, crystallinity 

Fig. 2  The measurement setup used for the ball burst testing of the 
pure PLA and PLA + NR compound films
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still has not improved significantly even though drawing 
decreased the Tcc by 3–12 °C (50–500 mm  min−1 draw-
ing rate), while the presence of ENR decreased the Tcc by 
14–20 °C (50–500 mm  min−1 drawing rate). This represents 
that ENR had nucleating ability, but only in the case if the 
PLA + ENR films were drawn. At 70 °C drawing tempera-
ture, crystallinity highly improved due to the stretching, 
while below that temperature, the mobility of the molecular 
chains was not enough for folding and developing crystal 
phases. At 70 °C and 50 mm  min−1 drawing rate, crystal-
linity of the neat PLA grade reached 29.9%, which was the 
entirely the effect of drawing alone; at the same time, when 
ENR was added to the compound, it retarded the crystalliza-
tion and thus crystallinity was only found to be 23.2%. When 
native PLA was drawn at a higher rate (500 mm  min−1), it 
had lower crystallinity (16.8%) compared to the film that has 
been drawn at a lower strain rate of 50 mm  min−1 (29.9%), 
because at this high drawing rate, molecular chains have 
much less time to fold and develop crystal phases or it is 
even possible that the high drawing rate causes the polymer 
chains to unfold and lamellae to slip. Again, when ENR was 

added to PLA, crystallinity decreased from 16.8 to 11.9% 
at 70 °C and 500 mm  min−1drawing temperature and speed, 
respectively. According to the DSC curves of the drawn and 
pure PLA films, Tcc decreased so much that cold crystal-
lization practically immediately begins right above Tg. This 
suggests that during drawing the PLA molecular chains are 
oriented, started to crystallize as a result, but supercooled 
at the end of the measurement (sample removed from heat 
chamber); thus, during the DSC measurement, when the 
sample gets enough heat and chain mobility, it instantly crys-
tallizes, and also, in addition to the crystallinity, the ratio 
of the α and α′ crystal forms also change when applying 
drawing. Additionally, ENR seems to have a double and con-
tradictory effect on the crystallization of PLA. At the same 
time, it evidently decreases Tcc meaning that ENR particles 
help the appearance of PLA nuclei, which is considered as 
a nucleating ability; thus, ENR induces cold or melt crys-
tallization. However, during drawing, ENR droplets may 
act as obstacles and eventually retard folding of the PLA 
chains; thus, ENR retards the drawing induced crystalliza-
tion. Accordingly, ENR induces PLA crystallization, when 
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Fig. 3  First heating DSC curves of 2003D PLA and 2003D PLA + 10 mass% NR compound tensile tested at lower (50 mm  min−1) (a) and higher 
(500 mm  min−1) (b) cross-head speed and at various temperatures

Table 1  Crystallinity of 2003D 
PLA and 2003D PLA + 10 
mass% NR films

Tensile testing temperature

Material/cross-head speed/mm  min−1 60 °C/% 65 °C/% 70 °C/%

PLA/50 1.0 0.4 29.9
PLA + 10ENR/50 2.3 0.6 23.2
PLA/500 1.8 2.1 16.8
PLA + 10ENR/500 1.9 1.0 11.9
PLA reference (annealed, not stretched) 0.3 0.5 1.7
PLA + 10 ENR reference (annealed, not stretched) 1.0 1.2 1.3
PLA reference (not annealed, not stretched) 0.2
PLA + 10 ENR reference (not annealed, not stretched) 0.3
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it is induced by heat, but retards the crystallization of PLA 
when it is induced by molecular folding and orientation. 
Finally, Tg also increased by 8–9 °C due to drawing, which 
widens the applicability of a such product.

Next, the first heating DSC curves (Fig. 4a and b) and the 
crystallinity values (Table 2) of the neat 4032D PLA and 
4032D PLA + 10 mass% ENR films are investigated (both 
not tested (named as “reference”) and tensile tested at low 
and high strain rates).

4032D has lower d-Lactide content (1.4%) compared to 
PLA grade 2003D (4.3%), which means faster crystalliza-
tion and higher crystal melt temperature. Accordingly, the 
neat, reference 4032D PLA DSC curve had a Tg of 59.6 °C, 
a Tcc of 103.3 °C and a Tm of 168.8 °C. The  Tcc decreased 
to 100.1 °C when 10 mass% ENR was added to PLA, which 
means again some minor nucleating ability. The crystal-
linity slightly increased due to annealing, but again, this 
annealing time was as not enough for significant crystal-
lization, and thus, all the further crystallinity increase in 
tensile tested specimens could be related to drawing caused 
orientation. When the films were drawn at 50 mm  min−1, it 

was found that crystallinity already significantly increased 
from 5.3 to 10.8% and 13.9% even using rather low drawing 
temperatures (60 °C and 65 °C). A possible explanation for 
this effect is the low d-Lactide content (and more isotac-
tic structure) of 4032D PLA grade. When ENR was added 
to PLA, it even further increased the crystallinity of PLA 
and decreased the Tcc of the drawn films. The highest crys-
tallinity values (30.5–42.9%) were reached again at 70 °C 
drawing, where ENR had minor influence. Similarly, to the 
2003D PLA and 2003D PLA + ENR results, in case of the 
4032D, the increasing drawing rate also retarded crystal-
lization; at the same time, it was still possible to increase 
crystallinity using ENR for the high rate drawn films. Again, 
for the 70 °C drawn films (both neat PLA and PLA + ENR), 
when 50 mm  min−1 drawing rate was used, the specimens 
almost fully crystallized during the drawing process, while 
for the 500 mm  min−1 drawing rate, the specimens were 
not fully crystallized, but the Tcc was found right above Tg 
suggesting a supercooled state ready to instantly crystallize 
when chain mobility increases just above Tg. For the drawn 
films, in contrast to 2003D grade, NR induced crystallization 
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Table 2  Crystallinity of 4032D 
PLA and 4032D PLA + 10 
mass% NR films

Tensile testing temperature

Material/cross-head speed/mm  min−1 60 °C/% 65 °C/% 70 °C/%

PLA/50 10.8 13.9 42.9
PLA + 10ENR/50 16.8 25.0 42.0
PLA/500 13.6 16.2 30.5
PLA + 10ENR/500 17.1 17.2 32.4
PLA reference (annealed, not stretched) 6.9 9.0 10.1
PLA + 10 ENR reference (annealed, not stretched) 13.7 13.5 13.6
PLA reference (not annealed, not stretched) 5.3
PLA + 10 ENR reference (not annealed, not stretched) 10.5
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for the 4032D grade. It seems that when NR was added to 
a rather slow crystallizing PLA, then it only retarded the 
crystallization of PLA; on the other hand, when NR was 
added to a faster crystallizing PLA grade, it could induce 
crystallization both due to nucleation and during drawing. 
Finally, Tg also increased by 8–10 °C when 500 mm  min−1 
high drawing rate was applied for the drawn 4032D PLA and 
4032D PLA + NR films and this increase in Tg also suggests 
increase in heat deflection temperature. The effect of mate-
rial parameters (d-Lactide content and NR content) as well 
as the testing parameters (drawing rate and temperature) on 
the crystallinity is summarized in Table 3.

There was no crystallinity measured for 4060D PLA and 
4060D PLA + 10 mass% NR films independently from draw-
ing rate or drawing temperature. This could be related to the 
atactic feature (high d-Lactide content) of 4060D PLA and 
thus its property to unable to crystallize.

The research was continued by the tensile test results 
(Figs. 5 and Fig. 6). First, the tensile strength of the films 
was investigated at room temperature (Fig. 5a).

As can be seen, the three different d-Lactide contents of 
PLA (and their compound with NR) had different behav-
iors. 4032D represented the highest, while 4060D the low-
est strength values due to differences in crystallinity. The 
NR content evidently decreased the strength values since 
NR had lower own strength compared to PLA. Accordingly, 

strength was measured as 52.9–71.6 MPa for native PLA 
grades, while 37.0–44.4 MPa for NR content PLA grades. 
Interestingly, by increasing cross-head speed, the curves 
have a saturation nature, with even a slight decrease in 
strength at high cross-head speeds. The curves increased 
when the drawing rate was increased (50–200 mm  min−1), 
which could be related to the general stiffening effect of vis-
coelastic materials [45]. At the same time, further increas-
ing the drawing rate (200–500 mm  min−1) caused a satu-
ration and even a slight reduction in strength for the PLA 
samples without NR content most probably caused by the 
mechanical energy input transformed into local warming of 
the samples. Moreover, the strength of 4060D PLA as an 
amorphous grade was found to be practically insensitive to 
changes in cross-head speed and also NR-filled PLA was 
found to be much less sensitive compared to the crystalline 
PLA grades without NR content. Overall, tensile strength 
was found to be dependent on four main factors including 
cross-head speed (stiffening effect), d-Lactide content of 
PLA used (crystallization behavior), potential local warming 
of the samples due to cross-head speed applied and the NR 
content (plasticizing effect and also crystallization modifier).

According to the elongation at break (Fig. 5b), it is dif-
ficult to find a distinct trend since the standard deviation was 
found quite high and thus the values could be considered 
as practically constants as a function of cross-head speed. 

Table 3  The effect of various 
material and measurement 
parameters on the crystallinity

Material or measurement parameter General effect on crystallinity

d-Lactide content decreases
NR content Dependent on d-Lactide content. Decreases for high 

d-Lactide content PLA, but increases for low d-Lactide 
content PLA

Drawing rate decreases
Drawing temperature increases
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Namely, for the native PLA films, it was between 2.75 and 
6.33% with an average standard deviation of ± 1.1%. At 
the same time, apart from the high standard deviation, the 
average elongation at break values evidently reflected to the 
strength values discussed earlier and thus these two proper-
ties moved in the opposite direction. Thus, when strength 
increased (due to stiffening effect caused by increasing 
cross-head speed), elongation at break decreased, and when 
cross-head speed was further increased causing strength 
to decrease, elongation at break increased. In case of the 
NR-filled PLA films, elongation at break values could be 
considered as practically constant, which also reflects to 
the insensitivity of strength vales on the cross-head speed. 
Moreover, the elongation of the two semi-crystalline PLA 
grades significantly increased when adding NR, but for the 
amorphous grade (4060D), the addition of NR had minor 
effect, which highlights the influence of crystallinity, or in 
this case, the lack of crystallinity.

After tensile testing the films at room temperature, the 
next step was to investigate their properties using elevated 
temperatures of 60 °C, 65 °C and 70 °C (Fig. 6). Please 
note that at elevated temperature, the films were not bro-
ken during the measurements; thus, in this case not tensile 
strength but tensile stress is measured. The elongation of the 
films was restricted by the dimensions of the heat chamber 
applied; thus, the tensile measurements were stopped at a 
drawn ratio of 1.78 (178%) for all the measured films.

According to the tensile results measured at 60 °C, it 
was found that the tensile stress monotonously increased 
with increasing drawing rate all along with the investi-
gated drawing rate range despite the decreased crystallin-
ity found at higher drawing rates as demonstrated before. 
This suggests that the stiffening effect caused by increased 
drawing rate dominates the process. Additionally, it was 
found that the slope of the curves regarding the various 
PLA grades differs and thus their sensitivity for increasing 
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cross-head speed. 4032D film had a higher steepness of 
0.0028 MPa (mm  min−1)−1, while 2003D and 4060D had 
0.0013 MPa (mm  min−1)−1 and 0.0010 MPa (mm  min−1)−1, 
respectively. This could be related again to the difference in 
crystallinity, since at this temperature (60 °C), crystallinity 
of 4032D PLA films (with and without NR) was between 
10.8 and 17.1%, while the crystallinity of 2003D PLA films 
was only between 1.0 and 2.3% (4060D was amorphous). 
It is worth to note that both materials had practically the 
same Tg of just a few °C lower compared to the testing tem-
perature of 60 °C; thus, both were just in the rubbery state 
(the amorphous phase); accordingly, the crystal structure 
could still have significant effect in increasing the tensile 
stress with increasing cross-head speed. For NR-filled PLA 
films, all the curves represented lower stress values due to 
the soft phase of NR; at the same time, the order was the 
same; thus, 4032D + NR had the highest, while the amor-
phous 4060D + NR had the lowest stress values. Moreover, 
when increasing the testing temperature to 65 °C (Fig. 6b) 
or 70 °C (Fig. 6c), the stress values decreased even more. 

The decrease in stress due to the increase in testing tempera-
ture is an expected consequence; however, the cross-head 
speed dependency also changed. In these cases of 65 °C and 
70 °C testing temperature, all the curves had similar slope 
(between 0.005 and 0.009 MPa (mm  min−1)−1), meaning that 
differently to the behavior found at 60 °C testing tempera-
ture, this case the crystallinity alone was not enough to sig-
nificantly increase the tensile stress. This could be explained 
that the testing temperatures applied are much more away 
from the Tg. Accordingly, the amorphous phase of PLA 
represented a much lower modulus (note that elongation 
during testing was the same for all the films) and thus the 
influence of crystalline structure decreased. The cross-head 
speed dependency without the effect of crystallinity could 
be investigated on the curves of 4060D amorphous PLA. 
The cross-head speed curve of this grade had practically the 
same slope as the other materials; thus, as it was pointed 
out before, crystalline structure had no significant effect at 
this testing temperature on cross-head speed dependency. At 
the same time, obviously, the higher the overall crystallinity 
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was, the higher the tensile stress, but the cross-head speed 
dependency was found the same.

The research was continued by the ball burst tests (Fig. 7), 
which are closer to real thermoforming conditions then the 
tensile tests. Please note that in this case no room tempera-
ture test could be made, and during the test, a specific force 
was determined related to the maximum displacement of the 
ball clamp at 65 mm.

On the results of the ball burst tests (at 60 °C), some 
similarities and differences could be observed compared 
to the tensile tests performed at the same temperature. The 
similarities are that due to crystallinity, in most cases 4032D 
PLA sample had the highest, while 4060D PLA sample had 
the lowest specific force. Moreover, regarding the 2003D 
and 4060D PLA curves, they monotonously increased when 
ball burst speed was increased; additionally, in every case 
the addition of NR caused the specific force to decrease. 
Finally, the slope of the curves regarding the various PLA 
grades found to differ and thus their sensitivity for increas-
ing ball burst speed. Besides these similarities, according 
to the 4032D PLA and 4032D PLA + NR curves, some 
major differences could be found. This is most probably 
related to the fact that applying ball burst test introduces a 
complex stress state that even more induces crystallization 
and then a single-axis tensile test and also introduces much 
higher mechanical energy input that could be transformed 
into local warming of the samples. Accordingly, the spe-
cific force curve of the 4032D PLA and 4032D PLA + NR 
was not monotonously increasing with increasing ball burst 
speed all along the investigated ball burst speed range, but 
there was a significant drop found above 200 mm  min−1 and 
100 mm  min−1 for the PLA and for the PLA + NR samples, 
respectively. This suggests that in this case, the decreas-
ing crystallinity (mechanical energy input transformed into 
local warming) found at higher drawing rates dominates 
the process instead of the general stiffening effect caused 
by increased drawing rate. At this testing temperature of 
60 °C, the Tg of 4032D PLA is very near; thus, some addi-
tional heat introduced by high ball burst rates could highly 
decrease the modulus of the polymer causing decrease in 
specific force. When testing temperature was risen to 65 °C 
(Fig. 7b) or 70 °C (Fig. 7c), this phenomenon ceased, mean-
ing that the curves were practically monotonously increas-
ing taking the standard deviation of the measurements into 
consideration. 65 °C and 70 °C measurement temperatures 
were more away from Tg caused the curves to have similar 
slopes and the crystallinity to have less effect. Moreover, 
at these elevated temperatures, lower force was required 
for testing the samples. This was consistent with the previ-
ous tensile test results. It was finally found that despite the 
similar behavior of PLA films during elevated temperature 
tensile testing compared to ball burst testing, but the latter 

better represented the thermoforming conditions and also 
some major differences in film drawing behavior were found.

Conclusions

In our research, the thermoformability of Poly(Lactic Acid) 
(PLA)- and Epoxidized Natural Rubber (ENR)-filled PLA/
NR blends was investigated using elevated temperature 
tensile testing and ball burst tests. Three PLA grades of 
4032D, 2003D and 4060D were used representing different 
crystallization abilities. After compounding (PLA and 10 
mass% ENR) and film extrusion, the films were tested for 
thermoformability using elevated temperature tensile tests 
as well as ball burst tests at 60 °C, 65 °C and 70 °C using 
various testing rates, while the crystallinity of the samples 
was also determined. It was found that ENR had a double 
and contradictory effect on the crystallization of PLA. It 
evidently had nucleating ability; thus, ENR induced cold or 
melt crystallization, but at the same time, during drawing, 
ENR particles might act as obstacles retarding the drawing 
induced crystallization. This phenomenon was dependent 
on the d-Lactide content of the PLA grade used. During 
the elevated temperature tensile testing, it was demonstrated 
that NR-filled PLA films represented lower stress values due 
to the soft phase of NR compared to pure PLA films. Also 
it was found that the stiffening effect caused by increased 
drawing rate dominates the tensile testing process represent-
ing monotonously increasing tensile stress despite the lower 
crystallinity measured at high drawing rates. Additionally, 
the slope of the curves measured at 60 °C was different 
for the various PLA grades and thus their sensitivity for 
increasing cross-head speed, which could also be related to 
crystallinity, since testing temperature was only a few °C 
above glass transition temperature of PLA. The slope of the 
curves became similar at higher testing temperatures, since 
the mobility of the amorphous phase highly increased and 
the films became less sensitive to their crystallinity. Regard-
ing the ball burst tests, similarities were found compared to 
tensile tests like the monotonously increasing force values 
with increasing ball burst speed and the different slope of 
the curves reflecting to the crystalline structure and thus the 
sensitivity for increasing ball burst speed. At the same time, 
some differences were also found for the lowest d-Lactide 
content PLA grade due to the fact that applying ball burst 
test introduces a complex stress state that even more induces 
crystallization then a single-axis tensile test. This difference 
was in the curve of 4032D PLA, where a significant drop 
was found above 200 mm  min−1 and above 100 mm  min−1 
for the neat PLA- and NR-filled PLA samples. This drop 
could be related to the decreasing crystallinity (mechani-
cal energy input transformed into local warming) found at 
higher drawing rates that dominates the process instead of 
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the general stiffening effect caused by increased drawing 
rate. At higher testing temperatures (65 °C and 70 °C,) this 
phenomenon was not present.
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