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Enzymatic Hydrolysis of Poly (Caprolactone) and its Blend 
with Styrene–Butadiene–Styrene (40% PCL/60% SBS)

Abir Ben Abdallah1,2   · Achraf Kallel3 · Fehmi Gamaoun4,5 · Abbas Tcharkhtchi1

Abstract
In this study, we aim to evaluate the effect of enzymatic hydrolysis on aliphatic polyester and on its shape memory blend. 
Therefore, the hydrolysis of poly (ɛ-caprolactone) (PCL) and of its shape memory polymer (SMP) blend [40% PCL/60% 
styrene–butadiene–styrene (SBS)] in a solution containing an Amano lipase from pseudomonas fluorescence and a phosphate 
buffered saline (PBS), is achieved. An appropriate characterization helps to better understand the behaviour of these poly-
mers. So, the properties of these materials prior and after hydrolytic degradation are investigated. When they are submitted 
to enzymatic hydrolysis, the physico-chemical and mechanical properties of PCL and its blend (PCL/SBS) change. PCL 
undergoes a significant decrease in weight during enzymatic hydrolysis. Yet, blending PCL with SBS considerably reduces 
its degradation rate in terms of weight drop, compared with pure PCL. The enzymatic hydrolysis causes chains splitting, 
which rises their mobility and facilitates their reorientation. Consequently, for PCL and its blend, the degree of crystallinity 
Xc rises during hydrolytic degradation, which confirms that the amorphous regions of PCL are more susceptible to hydroly-
sis. Besides, this continuous rise in crystallinity causes the augmentation of PCL and its blend melting, crystallization and 
glass transition temperatures. Moreover, the PCL brittleness increases, and the blend ductility decreases with the enzymatic 
hydrolysis time. For both, PCL and its blend, the young modulus displays two opposite effects; it goes up due the growth of 
crystallinity, but at the end of hydrolysis, its value goes down because of weight loss.

Keywords  Poly (ɛ-caprolactone) · SMP blend (40% PCL/60% SBS) · Enzymatic hydrolytic degradation · Weight loss · 
Properties alteration

Introduction

Studies on polymers and biodegradable polymers, such as 
aliphatic polyesters in general and shape memory polymer 
(SMP) blends in particular, have been focused on improv-
ing the design, functionality and thermal and mechanical 
properties of these polymers to meet specific needs and to 
develop new applications.

Aliphatic polyesters, such as polylactide (PLA) and Poly 
(ɛ-caprolactone) (PCL), have lately attracted significant 
attention of researchers thanks to their appealing character-
istics. These biodegradable polymers have good and varied 
elastic, mechanical and chemical properties and a foresee-
able degradation behavior [1]. Thus, they are extensively 
used in diverse fields such as tissue engineering [2], environ-
mental applications and biomedical applications, especially 
in drug delivery systems and in absorbable sutures [2].

Among promising polyesters, we mention PCL as a semi-
crystalline thermoplastic. It is non-toxic and biodegradable 
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aliphatic polyester with the permeability, compatibility and 
capacity to mix with many other polymers [3]. In fact, this 
material is compatible with numerous polymers, such as 
poly (vinyl chloride), polyethylene chlorinated, polycar-
bonate and poly (styrene-co-acrylonitrile) [3, 4]. Indeed, 
PCL can be blended with many other copolymers like sty-
rene–butadiene–styrene (SBS) to form a new material with 
novel properties [5]. Previous studies [5, 6] have shown that 
PCL and SBS form an immiscible blend that constitutes a 
new intelligent polymer with Shape Memory Effect (SME). 
A shape memory polymer is a material that has the ability to 
deform to a temporary shape and to recover its initial shape 
under a stimulus like temperature [5]. These SMP blends 
have gained big interest as they are useful in a lot of domains 
such as the design of biomedical devices, intelligent cloth-
ing, and aero-spatial equipment [7–9].

Concerning the aliphatic polyester degradation, it is men-
tioned that hydrolysis is the main mechanism of the degrada-
tion of these polymers because they have ester linkages that 
are easily cleavable [10]. The hydrolysis of these polyesters 
begins with a water absorption stage followed by the hydro-
lytic fractionation of the ester bonds. This leads to molec-
ular fragmentation and chain splitting. The two principal 
mechanisms of hydrolytic degradation are surface erosion 
(heterogeneous) and volume erosion (homogeneous) [10]. 
Benedict et al. [11] reported that amorphous regions would 
degrade more rapidly before crystalline regions. In other 
cases, only the amorphous phase degrades. Divers agents 
seem to be crucial in the determination of the biodegradation 
rate of polyesters [12]. It is important to mention the chemi-
cal structure, the porosity, the degree of crystallinity, and the 
molecular weight [12–14]. Moreover, hydrolysis conditions 
as pH, temperature, components concentration and enzymes 
have an impact on the hydrolytic degradation of polyesters 
[14, 15]. As for the PCL degradation, this material can be 
degraded in multiple natural environments such as compost, 
soil and rivers [16, 17] and in the presence of microbes [18] 
and enzymes [2, 15, 19]. Indeed, it has been found that sev-
eral lipases can catalyze the hydrolysis of PCL [16]. Among 
these enzymes, we cite pseudomonas and Rhizopus arrhizus 
ones [15, 16]. It has been reported that the pseudomonas 
lipase shows preferential hydrolytic degradation of PCL 
[20]. In fact, the authors in [20] reported that the enzymatic 
hydrolysis of PCL took place by the rupture of ester bonds. 
A lipase enzyme would attack these ester bonds and cause 
chain splitting [21]. Particularly, the amorphous regions 
were the mainly attacked by enzymes [21]. In addition, many 
factors would influence the enzyme catalyzed hydrolysis 
of PCL, such as its morphology, its surface conditions, its 
porosity, and its physical and chemical properties, including 
crystallinity, transition and melting temperatures, as well as 
molecular weight [2, 12, 22, 23]. Moreover, it was shown in 
[24] that the presence of cavities and lipase concentration 

promotes the enzymatic hydrolysis of PCL. The hydrolytic 
degradation of PCL and its blends has given rise not only 
to the mass loss [25, 26] but also to the decrease in molec-
ular weight [10, 11, 27, 28]. Furthermore, the enzymatic 
hydrolysis of PCL causes the degradation and alteration of 
its mechanical properties like the Young modulus, the tensile 
yield and the strain at break [2, 16, 29]. This degradation 
engenders also the alteration of the transition and meting 
temperatures and of the crystallinity degree [1, 2, 24, 29].

The aim of this study is to investigate the effect of hydro-
lytic degradation on PCL and on its blend (40% PCL/60% 
SBS). Thus, mechanical properties (young modulus, elonga-
tion to fracture…) and physico-chemical properties (crys-
tallinity rate, melting and glass transition temperatures…) 
of these materials are evaluated, prior and after enzymatic 
hydrolysis.

Materials and Methods

Materials

PCL CAPA 6800 is used and is provided by Perstrop Lim-
ited UK. It is a semi-crystalline biodegradable aliphatic 
polymer with a density of 1140 kg/m3 and a number-aver-
age degree of polymerization of 1.5. Its chemical formula 
is: [–O–(CH2)5–CO–]. PCL has a transition temperature of 
− 40 °C and a relatively low melting temperature between 
58 and 62 °C [30].

SBS, supplied by Sinopec Group, is an amorphous copol-
ymer whose main chain is made of two rigid polystyrene 
segments on both sides and a flexible segment of polybuta-
diene in the middle [31]. SBS is an elastomer with a transi-
tion temperature of − 80 °C and a degree of polydispersity 
of 1.09.

These two materials are blended to form a mixture of 
(40%) PCL and (60%) SBS. This immiscible blend shows 
almost a total shape memory effect [6].

In order to get the final form, the pure materials and the 
blend (PCL/SBS) are firstly extruded into pellets through 
a twin screw extruder machine (Brabender, Duidburg, 
Germany). The extruded pellets are then injected in an 
injection molding machine to get samples with a size of 
25 × 4 × 2 mm3.

Enzymatic Hydrolysis

Enzymatic hydrolysis is carried out. PCL, blend (40% 
PCL/60% SBS) and SBS specimens are immersed in a con-
tainer filled with enzymatic solution for 4 weeks at 37 °C. This 
solution is prepared by dissolving, in distilled water, an Amano 
lipase from pseudomonas fluorescence (2.5 µg/ml) and a Phos-
phate Buffered Saline (PBS). The solution is changed twice 



a week in order to conserve the enzyme activity. The pseu-
domonas lipase and the PBS are supplied by Sigma Aldrich. 
At specific periods, samples are removed from solution and 
dried under a vacuum. Then these hydrolyzed specimens are 
submitted to mechanical and physico-chemical tests.

Properties and Degradation’s Evaluation

In order to characterize materials before and after hydrolytic 
degradations, mechanical and physico-chemical tests are 
performed.

After the degradation process, the mass loss is determined. 
In fact, the mass loss is evaluated using the following equation:

where w0 is the weight before hydrolysis and wf  is the weight 
after hydrolysis.

A balance Mettler Toledo with a sensitivity of 0.01 mg is 
used to weigh the specimens.

The melting and crystallization temperatures (respectively 
Tm and Tc ), the enthalpies of melting ( ΔHm ) and crystalliza-
tion ( ΔHc ) are measured by means of a Differential Scanning 
Calorimetric (DSC) machine Q1000 V9.0 Build 275 TA 
Instruments. All DSC tests are carried out at a constant rate 
of 5 °C/min. The device is calibrated with indium, and Tm , Tc , 
ΔHm and ΔHc are measured from the first heating cooling and 
second heating curves. The degree of crystallization ( Xc ) is 
determined according to the following equation:

ΔHm represents the enthalpy of melting from DSC tests, and 
ΔHm0 represents the reference enthalpy of PCL which has 
the value of 142 j/g [32].

(1)weight loss(%) =
w0 − wf

w0

× 100,

(2)Xc(% ) =
ΔHm

ΔHm0

× 100.

The glass transition temperature ( T
�
 ) is determined using 

dynamical mechanical analysis DMA Q800 TA Instruments 
type machine. These experiments are carried out with a fre-
quency of 1 Hz; a temperature range between − 100 °C and 
100 °C, and a heating rate of 5 °C/min.

Uniaxial tensile tests are performed on a standard Instron 
mechanical testing 5966-type machine with a load of 10KN 
at a deformation rate of 6 mm/min. A camera is installed to 
measure the deformation of the specimen. The stress as a 
function of the deformation is then recorded

Results and Discussion

Materials Properties Prior to Hydrolytic Degradation

In order to investigate mechanical properties of PCL, blend 
(40% PCL/60% SBS), and SBS before hydrolysis, tensile 
tests at ambient temperature are realized. Figure 1 presents 
the tensile curves of reference materials until fracture. Dur-
ing our study, we consider the reference materials as the 
materials before hydrolysis. The mechanical properties are 
recapitulated in Table 1.

According to Fig. 1 and Table 1, the three materials 
show largely different mechanical properties. PCL displays 
a young modulus of 406 ± 12.2 Mpa, which is much higher 
than those of SBS and even the blend (27 ± 1 Mpa, and 

Fig. 1   Tensile curves of: PCL, 
SBS, blend (60% SBS/40% 
PCL)
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Table 1   Mechanical properties of reference materials

Material Young modulus (Mpa) % elongation 
to fracture

Fracture 
stress 
(Mpa)

PCL 406 ± 12.2 14 ± 0.5 23 ± 0.6
SBS 27 ± 1 149 ± 4.5 4 ± 0.5
Blend 116 ± 3.5 292 ± 8.8 7 ± 0.5



116 ± 3.5 Mpa, respectively). The fracture stress of PCL is 
equal to 23 ± 0.6 Mpa, which is much higher than those of 
SBS and the blend (4 ± 0.5 Mpa, and 116 ± 3.5 Mpa). PCL 
is obviously the most rigid material, compared SBS and 
even the blend. The tensile curve of the blend presents two 
different zones of linear deformation, consisting of an elas-
tic zone (6–8% of deformation) and a plastic zone (> 10% 
of deformation).The blend has an elongation to fracture of 
292 ± 8.8%. We remark that the (PCL/SBS) mixture shows 
a ductile character since it exhibits the capacity to undergo 
an important plastic deformation before rupture. It is more 
ductile than SBS. The enhancement in the blend ductility 
compared with pure SBS and pure PCL can be explained 
with the good compatibility between these two polymers. 
In previous work, Massardier et al. [33] reported that for the 
blend [polyamide 6 (PA6)/Acrylonitrile Butadiene Styrene 
(ABS)] a good compatibility between the polymers consti-
tuting a blend would ameliorate its mechanical properties. 
In addition, they showed that when a certain quantity of the 
maleic anhydride was added as a compatibility agent to the 
(PA6/ABS) blend, the mechanical properties of this blend 
were improved. They explained that when the compatibility 
of the blend rose, the young modulus was enhanced and the 
elongation to fracture was increased. Therefore, in our case, 
the increase in the total elongation of the blend could be 
explained by the good compatibility between PCL and SBS.

The DMA tests are carried out to determine the transition 
temperatures of PCL, the blend, and SBS. Figure 2 repre-
sents the curves of Tan Delta versus temperature. Tan Delta 
represents the loss or damping factor and it is a measure of 
the energy dissipation in the polymer. The peak in the Tan 
Delta curve gives directly the value of the glass transition 
temperature.

According to these results, PCL shows a single peak at 
− 40.1 °C, which corresponds to its transition temperature 
(Tα). Similarly, SBS displays a single pic at − 76 °C, which 
corresponds to its transition temperature. However, the Tan 

Delta curve of the blend (40% PCL/60% SBS) presents two 
separate peaks corresponding to two various glass transition 
temperatures: The first one appears at − 80.7 °C and the sec-
ond at − 39.7 °C. In fact, the existence of these two distinct 
glass transition temperatures indicate that the two materials 
forming the mixture are immiscible. These results are in 
accordance with the work of Zhang et al. [5] who indicated 
that PCL and SBS formed an immiscible blend that had two 
different glass transition temperatures (Tα). The lowest Tα 
corresponds to the flexible phase, which is SBS. While the 
second Tα corresponds to the hard phase, which is PCL in 
our case. Besides, according to Tan Delta curves, the loss 
factor related to SBS is significantly more important than 
the loss factor related to the blend. This results could be 
explained by the fact that PCL decreases the damping prop-
erty of SBS in the blend.

The DSC experiments are performed to investigate the 
melting temperature, the crystallization temperature and 
the crystallinity rate of PCL and its blend (40% PCL/60% 
SBS). SBS is an amorphous elastomer that has neither a 
crystallization temperature nor a melting temperature. The 
crystallinity rate of the blend corresponds to the crystallin-
ity of PCL. Figure 3 illustrates the heat flow of PCL and the 
blend versus temperature.

According to the PCL heat flow curve (Fig. 3), a first peak 
appears, from the first cooling, at 35.7 °C. It corresponds 
to the PCL crystallization temperature Tc. During heating, 
the second one appears at 59.7 °C. It represents the melt-
ing point Tm of PCL. The crystallinity ratio Xc of PCL is 
calculated from Eq. (2) and it is equal to 50.5%. This value 
confirms the semi-crystalline character of PCL. Likewise, 
the blend heat flow curve (Fig. 3) displays two peaks; the 
first one, which represents the crystallization temperature 
Tc, appears at 34.1 °C, and the second one, for the melting 
temperature Tm, is at 58.9 °C. The crystallinity rate Xc of the 
blend is 51.4%. It is important to indicate that the percent-
age of SBS in the blend is eliminated when we calculate the 

Fig. 2   Tan delta curves versus 
temperatures of: PCL, SBS, and 
blend (60% SBS/40% PCL)
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crystallinity of the blend. Hence, this Xc (51.4%) is only 
related to the PCL phase. This high degree of crystallinity 
induces blend components separation. This outcome is in 
accordance with DMA results that shows the immiscibility 
between the blend components since the blend presents two 
Tα. Table 2 summarizes the thermal properties of the refer-
ence: PCL, SBS, and blend.

PCL, SBS and their blend are submitted to DMA and 
DSC tests in order to investigate their physico-chemical 
properties. We notice that the blend has two distinct glass 
transition temperatures Tα. The first one corresponds to Tα 
of SBS, and the second one corresponds to Tα of PCL. This 
outcome can confirm the immiscibility of this blend. Moreo-
ver, the crystallinity rate Xc of the blend is related to the 
PCL phase. The melting and crystallization temperatures 
(respectively Tm and Tc) of the blend match those of PCL, 
which can confirm the compatibility of the blend. Moreover, 
this result is in coherence with the tensile test results, where 
we show that the ductility and rigidity of SBS is enhanced 
when we mix it with PCL, since we obtain a blend with 
higher elongation to fracture. Afterwards, enzymatic hydrol-
ysis is achieved in order to evaluate its effect on PCL and 
the mechanical (Young modulus, elongation to fracture, and 
fracture stress) and physic-chemical (Tm, Tc, Tα, and Xc) 
properties of the blend.

Mass Loss

Figure 4 illustrates the weight losses of PCL, SBS, and the 
blend (40% PCL/60% SBS) after 25 days of hydrolysis. 

After a rapid phase of water absorption, PCL starts to lose 
mass after only 24 h. PCL undergoes a significant and fast 
decrease in weight during enzymatic hydrolysis. In addition, 
the polymer loses 5% of its initial mass after 1 week and 
it loses up to 21% of its mass at the end of hydrolysis. In 
fact, the use of the lipase enzyme promotes the mechanism 
of PCL hydrolysis. It causes the hydrolytic fractionation of 
the ester bonds, which leads to molecular fragmentation 
and chain splitting. Moreover, the release of degradation 
products causes the important mass loss [26]. Tkanori et al. 
[34] pointed out that PCL hydrolytic degradation manifested 
from the surface of the material inward. Yet, for the SMP 
blend, the hydrolysis begins with a water absorption phase, 
up to the tenth days, followed by a phase of mass loss. After 
25 days of enzymatic hydrolysis, the mixture loses 1.2% of 
its initial weight. Consequently, we remark that blending 
PCL with SBS considerably reduces its degradation rate in 
terms of weight drop, compared with pure PCL. This could 
be due to the morphological change in the PCL surface. 
This result is in accordance with the work of Li et al. [24] 
who reported the enzymatic degradation of PCL and PCL 
mixture with polylactide-based polymer (BPLLA). They 
mentioned that a significant drop in the degradation rate in 
terms of weight loss for PCL/(BPLLA) compared with pure 
PCL occurred because of the change in the PCL surface. 
Concerning SBS, as we can see in Fig. 4, there is no obvi-
ous change in its weight during hydrolysis time. As a matter 
of fact, SBS is an amorphous elastomer whose principal 
degradation mechanism is thermos-oxidation. Consequently, 
we can estimate that SBS is not susceptible to hydrolytic 

Fig. 3   DSC curves of: PCL and 
blend
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Table 2   Thermal properties of 
PCL, SBS, and blend prior to 
hydrolyze

Material Tα1 (°C) Tα2 (°C) Tm (°C) Tc (°C) ΔHm (J/g) Xc (%)

PCL − 40.1 59.7 35.7 71.7 50.5
SBS − 76
Blend − 80.7 − 39.7 58.9 34.1 73 51.4



degradation. To confirm this assumption, SBS samples 
are submitted to tensile tests at varied hydrolyze time. The 
results are presented in Fig. 5. We can clearly notice that 
mechanical properties of SBS do not alter under the effect of 
enzymatic hydrolysis. Nevertheless, in the following parts, 
only the hydrolytic degradation influence on PCL and the 
physical and mechanical properties of its blend are studied.

Crystallization and Thermal Properties Variation

In this part, we are interested in the hydrolytic degradation 
influence on the thermal properties and the crystallinity of 
PCL and its blend. These properties are monitored and com-
pared using DSC and DMA tests.

The DSC results of PCL during enzymatic hydrolysis 
are depicted in Fig. 6 and Table 3. According to this table, 
the degree of crystallinity (Xc) of the polymer undergoes a 
significant increase during enzymatic degradation. It passes 
from 50.5% for reference PCL to 67.2% after 25 days of 
hydrolysis. The rise in Xc is explained by the fact that the 
amorphous phase of PCL is more susceptible to hydrolytic 

degradation and degrades before the crystalline one, since 
amorphous regions have less Van Der Waals’ links than crys-
talline ones. This result is in harmony with the work of Mal-
berg et al. [1] and the work of Fukushima et al. [35], where 
they indicated that the amorphous regions of PCL degraded 
more rapidly than the crystalline ones. They explained this 
assumption by the easier water diffusion into the amor-
phous phase. On the other hand, the hydrolysis causes the 
shortening of the PCL chains, leading to the increase in the 
mobility of these chains, which facilitates their reorienta-
tion and recrystallization. Furthermore, we remark that the 
melting temperature (Tm) of PCL arises during hydrolytic 
degradation. Tm passes from 59.7 °C for the virgin sample 
to 60.1 °C after 2 weeks and it attains 60.5 °C after 25 days 
of hydrolytic degradation. The growth of the melting tem-
perature Tm could be due to the continued crystallization 
which is characterized by the enlargement of the crystalline 
thickness during hydrolysis [35]. Furthermore, the forma-
tion of thicker lamellas may lead to the increase in Tm, since 
the lower melting temperatures are associated with thinner 
crystals [36].

Fig. 4   Evolution of mate-
rial weight during hydrolytic 
degradation
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Fig. 5   SBS tensile curves dur-
ing hydrolysis time
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The DMA results of PCL during hydrolysis are rep-
resented in Fig. 7 and Table 3. We remark that the glass 
transition temperature Tα of the polymer grows during 
the enzymatic hydrolysis. It passes from − 40.1 °C before 
hydrolysis to − 35.2 °C at the end. This could be associated 
to the buildup of intermolecular interactions, which charac-
terize the cohesive forces between polymer chains, as the 
rise in the crystallinity leads to the reinforcing cohesion of 
the material. For aliphatic polymers, the Tα goes up when 
the cohesion forces are enhanced.

Concerning the blend (40% PCL/60% SBS), the DSC 
results are summarized in Fig. 8 and Table 4. The same 
trend of the Xc evolution is observed. In fact, Xc increases 
from 51.4 to 69.7%. This confirm again that the amorphous 
regions of PCL are more susceptible to hydrolysis then 
crystalline ones. Indeed, the melting temperature Tm of 
the blend rises with hydrolysis time. The Tm passes from 
58.9 °C for the virgin sample to 59.4 °C after 3 weeks and 
it reaches 59.6 °C after 25 days of hydrolytic degrada-
tion. The increase in Tm during the enzymatic hydrolysis 
is explained by the crystallization of the material and the 
growth of the crystalline thickness [1].

The DMA results of the blend during hydrolysis are 
recapitulated in Table 4. We notice that Tα1, correspond-
ing to the glass transition temperature of the PCL, goes up 
during hydrolysis. It passes from − 39.7 °C before hydroly-
sis to − 33.1 °C at the end. This increase in Tα is due to the 
reinforcing of the cohesion forces of the material because 
of the rise in crystallinity. Tα2, corresponding to the glass 

Fig. 6   DSC curves of PCL dur-
ing hydrolysis
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Table 3   PCL thermal properties evolution during hydrolysis

PCL Tc (°C) Tm (°C) ΔHm (J/g) Xc (%) Tα (°C)

Reference 35.7 59.7 71.7 50.5 − 40.1
24 h 36.4 59.9 83.4 58.7 − 39.7
2 weeks 36.4 60.1 89.4 62.9 − 39.2
3 weeks 36.7 60.3 94.3 66.4 − 38.7
25 days 37.8 60.5 95.5 67.2 − 35.4

Fig. 7   DMA curves of PCL 
during hydrolysis
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transition temperature of SBS, is more or less constant 
since SBS is not affected by hydrolysis.

For PCL and the blend, hydrolysis causes the fractiona-
tion of ester bonds and the shortening of the polymers 
chains, which allow them to reorient and to recrystallize. 
Therefore, the crystallinity rate increases with enzymatic 
hydrolysis time, which confirms that hydrolysis affects the 
amorphous phase more than the crystalline one. This con-
tinuous increase in crystallization enhances the cohesive 
forces between the chains, which induces the rise in the 
glass transition temperature. Moreover, the augmentation 
of crystallization explains the growth of the materials melt-
ing temperature. As a result, after 25 days of hydrolysis, we 
obtain samples of the blend (PCL/SBS) with different crys-
tallization rates and various thermal properties (Tα, Tc, and 
Tm). These samples will be used, in a later study, to examine 
the relation between the thermal properties of the blend and 
its shape memory effect.

Mechanical Properties Alteration

To investigate the mechanical properties, different tensile 
tests are realized at various periods of hydrolysis with a 
strain rate of 6 mm/min. Young-modulus, elongation-to-
fracture, and fracture-stress values are obtained.

Stress–strain curves of PCL at varied hydrolysis time are 
presented in Fig. 9. Young-modulus, elongation-to-fracture 
and fracture-stress values at varied enzymatic hydrolysis 
time are summarized in Table 5.

After 24 h of hydrolysis, the total elongation of PCL is 
almost the same, but its young modulus E decreases from 
406 ± 12.2 Mpa for the reference specimen to 380 ± 11.4. 
This decrease in E is expected as the material gains in plas-
ticity at the beginning of hydrolysis. After that, the young 
modulus shows a significant increase; it goes up from 
487 ± 14.6 Mpa after 4 days of hydrolysis to 599 ± 18 Mpa 
after 3 weeks. This rise implies the growth of PCL rigid-
ity, which means that PCL chains tend to create additional 
bonds, since materials rigidity is related to crystallinity. 
This is coherent with the DSC results where we show that 
the degree of crystallinity rises with hydrolysis time. Cas-
tilla et al. [29] studied the hydrolysis of PCL networks and 
indicated that the young modulus went up during degra-
dation as the crystallinity rate rose because of the faster 
degradation of the amorphous regions. However, at the 
end of hydrolytic degradation, the young modulus value 
shows a slight diminution, and it becomes 503 ± 15 Mpa. 
This fall can be due to the formation of pores and the sig-
nificant loss of weight at the end of hydrolysis. Concerning 
the elongation to fracture, and the fracture stress, their 
values indicate a slip with hydrolytic degradation time. 

Fig. 8   DSC curves of blend 
during hydrolysis
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Table 4   Thermal properties 
evolution during hydrolysis of 
mixture (40% PCL/60% SBS)

Blend (40% 
PCL/60% SBS)

Tc (°C) Tm (°C) ΔHm (J/g) Xc (%) Tα1 (°C) Tα2 (°C)

Reference 34.1 58.9 73 51.4 − 80.7 − 39.7
24 h 35.3 58.8 78.2 55.1 − 81.8 − 38.9
4 days 35.7 58.9 86.5 60.9 − 81,8 − 36.7
3 weeks 36 59.4 96.2 67.7 − 80.5 − 35.3
25 days 36.1 59.6 99 69.7 − 79.9 − 33.1



The elongation to fracture passes from 14 ± 0.5% for the 
reference specimen to 8 ± 0.4% after 1 week of hydrolysis, 
and it reaches 4 ± 0.3% at the end of hydrolysis, which 
implies that the brittleness of PCL grows. The decline of 
elongation to fracture is explained by the formation of 
pores and the weight loss, which engenders the embrit-
tlement of PCL.

To recap, the variation in the Young’s modulus can be 
explained by two different phenomena. On the one hand, 
the results demonstrate that hydrolysis occurs and affects 
the amorphous phase more than the crystalline one, which 
causes the fractionation of the PCL chains leading to a bet-
ter crystallization. Consequently, the crystallinity of the 
polymer increases, thus the increase in the Young modulus. 
On the other hand, after 25 days of enzymatic hydrolysis, a 
significant weight loss occurs in the material, which leads 
to the decrease in the Young modulus. For the elongation to 
fracture and the fracture stress, their decrease is due to the 
continuous weight loss of the polymer and to its embrittle-
ment during enzymatic hydrolysis.

Tensile curves of the blend (40% PCL/60% SBS) at var-
ied hydrolysis time are given in Fig. 10. Young-modulus, 

elongation-to-fracture, and fracture-stress values at different 
enzymatic hydrolysis time are recapitulated in Table 6.

Initially, the ductility of the blend rises as its elongation 
to fracture increases from 292 ± 8.8%, for the reference spec-
imen, to 356 ± 10.7%, after 24 h of hydrolysis. This result is 
expected as materials gain in plasticity at the beginning of 
hydrolysis. The blend Young modulus undergoes a diminu-
tion after 24 h. It becomes 108 ± 3.2 Mpa compared with 
116 ± 3.5 Mpa for the reference material. This reduction is 
explained by the mechanism of the hydrolysis of the blend 
that begins with a water absorption phase, which implies 
the augmentation of its plasticity. Then the water absorption 
phase is followed by a phase of weight loss. Consequently, 
both the elongation to fracture and the fracture stress drop, 
which indicates that the ductility of the blend clearly shows 
a decrease with hydrolytic degradation time. The elonga-
tion to fracture reaches 61 ± 2%, after 25 days of hydrolysis. 
The formation of pores and the mass loss could cause the 
diminution of the elongation to fracture [36]. Moreover, this 
decrease could be due to the embrittlement of the mixture 
during enzymatic hydrolysis. Subsequently, the Young mod-
ulus value is found to be higher. It becomes 141 ± 4.2 Mpa, 
after 2 weeks, and then 219 ± 6.6 Mpa, after 3 weeks of 
enzymatic hydrolysis; i.e., the rigidity of the blend rises. 
This could be associated to the continuous augmenta-
tion of the crystallinity rate during hydrolysis. The DSC 
results confirm this outcome. Yet, after 25 days of hydroly-
sis, the Young modulus undergoes a decrease: It reaches 
187 ± 5.6 Mpa. This can be due to the mass loss at the end 
of hydrolytic degradation.

The mechanism of the hydrolysis of the (PCL/SBS) blend 
starts with a water absorption stage allowing the material 
to gain in plasticity. Consequently, its elongation to frac-
ture rises and its Young modulus decreases. Afterwards, 
the weight drops with hydrolysis time, causing the embrit-
tlement of the blends which engenders the decrease in the 

Fig. 9   PCL tensile curves dur-
ing hydrolysis time
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Table 5   PCL mechanical properties variation during hydrolytic deg-
radation

PCL Young modulus (Mpa) % Elongation 
to fracture

Fracture 
stress 
(Mpa)

Reference 406 ± 12.2 14 ± 0.5 23 ± 0.6
24 h 380 ± 11.4 14 ± 0.6 22 ± 0.7
4 days 487 ± 14.6 9 ± 0.5 21 ± 0.6
1 week 495 ± 14.9 8 ± 0.4 20 ± 0.6
17 days 542 ± 16.3 6 ± 0.4 18 ± 0.7
3 weeks 599 ± 18 5 ± 0.3 19 ± 0.6
25 days 503 ± 15 4 ± 0.3 15 ± 0.5



values its elongation to fracture and its fracture stress. How-
ever, the continuous crystallization of the mixture during 
hydrolysis time causes the increase in the Young modulus 
value. After 25 days of hydrolysis, we acquire samples of 
the blend (PCL/SBS) with different mechanical properties 
(Young modulus, elongation to fracture, and fracture stress). 
These samples with distinct properties will be used, in fol-
lowing works, to study the relation between the mechanical 
properties of the blend and its shape memory effect.

Conclusions

In this paper, hydrolytic degradation, using a pseudomonas 
fluorescence lipase, of PCL and of its SMP blend (40% 
PCL/60% SBS) has been achieved. Prior to degradation, 
PCL has shown a rigid character with a higher Young 
modulus and a higher fracture stress, compared with SBS 
and even the blend. However, the blend has been the most 
ductile because it has had an elongation to fracture equal 
to 292 ± 8.8%, which has been higher than that of SBS 
(149 ± 4.5%). This result could be associated to the compat-
ibility between the two polymers that constitute the mixture 

(SBS/PCL). Likewise, the DMA and DSC results have con-
firmed the compatibility of the (SBS/PCL) blend, since its 
Tm, Tc, and Xc have matched those of PCL. Also, the blend 
has displayed two distinct Tα: one that corresponds to Tα 
of SBS and the other that corresponds to Tα of PCL. This 
result has indicated the immiscibility of the mixture. PCL 
and its Blend (PCL/SBS) have not kept the same proper-
ties when submitted to enzymatic hydrolysis. In fact, PCL 
has undergone a significant decrease in weight: It has lost 
up to 21% of its mass at the end of hydrolysis. Neverthe-
less, blending PCL with SBS has considerably reduced its 
degradation rate in the meaning of the weight drop, due to 
morphological changes. Moreover, the enzymatic hydroly-
sis has caused chains splitting, which has increased their 
mobility and facilitated their reorientation. Thus, for both, 
PCL and its blend, the degree of crystallinity Xc has gone 
up during hydrolysis. Xc of PCL has reached 67.2%, and 
Xc of the blend has attained 69.7%, which confirms that the 
amorphous regions of PCL are more susceptible to hydroly-
sis and degrade faster than the crystalline ones. Besides, 
the continuous crystallization causes the increase in the 
PCL and its blend glass transition, melting, and crystalliza-
tion temperatures. Furthermore, for PCL and its blend, the 
Young-modulus value has shown two opposite evolutions. It 
has firstly risen, which is explained by the growth of crystal-
linity during hydrolysis time. However, the modulus value 
has dropped, after 25 days of hydrolysis, due to the weight 
loss and the materials embrittlement. Besides, the elonga-
tion to fracture and the fracture stress, for both polymers, 
have decreased with the hydrolytic degradation time. This 
diminution is explained by the mass loss and the polymers 
embrittlement.

At the end of enzymatic hydrolysis, we have obtained 
samples of the blend (40% PCL/60% SBS) with different 
physico-chemical and mechanical properties. Thus, the 
results in this work have been well used to investigate the 

Fig. 10   Blend (40% PCL/60% 
SBS) tensile curves during 
hydrolysis time
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Table 6   Blend mechanical properties alteration during hydrolytic 
degradation

Blend (40% 
PCL/60% SBS)

Young modulus 
(Mpa)

% Elongation to 
fracture

Fracture 
stress 
(Mpa)

Reference 116 ± 3.5 292 ± 8.8 7 ± 0.5
24 h 108 ± 3.2 356 ± 10.7 7 ± 0.2
1 week 144 ± 4.3 294 ± 8.8 7. ± 0.4
2 weeks 141 ± 4.2 123 ± 3.7 6 ± 0.5
3 weeks 219 ± 6.6 75 ± 2.2 6 ± 0.2
25 days 187 ± 5.6 61 ± 2 6 ± 0.3



influence of hydrolytic degradation on the shape memory 
effect of the SMP blend (40% PCL/60% SBS) and to inves-
tigate the relation between the mechanical, thermal and 
microstructural properties of this blend and its shape mem-
ory properties.
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