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Abstract 
Poly (Lactic Acid) (PLA) is a biodegradable polymer which originates from 
natural resources such as corn and starch, offering excellent strength, biodeg-
radability, nevertheless its inherent brittleness and low impact resistance proper-
ties have limited its application. On the other hand, Thermoplastic Polyure-
thane (TPU) has high toughness, durability and flexibility, which is one of the 
most potential alternatives for enhancing the flexibility and mechanical strength 
of Poly (Lactic Acid) (PLA) by blending it with a compatibilizer. With the aim 
to improve the mechanical and thermal properties of Poly (Lactic Acid) (PLA) 
meltblown nonwovens, The Thermoplastic Polyurethane (TPU) was melt blend- 
ed with Poly (Lactic Acid) (PLA) at the different corresponding proportions 
for toughening the Poly (Lactic Acid) and the corresponding PLA/TPU MBs 
(meltblown nonwovens) were also manufactured. Joncryl ADR 4400 is mixed 
into the PLA matrix during processing. It was found that Joncryl had a much 
higher chain extension that substantially increased the molecular weight of the 
PLA matrix. SEM study revealed that Joncryl ADR 4400 is a good compatibilizer. 
Moreover, in this study, the crystallization, thermal and rheological behaviors 
of the corresponding PLA and TPU blends were also investigated. PLA/TPU MBs 
were also characterized by morphology and mechanical properties. The rheolog-
ical property of the PLA/TPU meltblown nonwoven revealed that the viscosity 
is increasing as the amount of TPU is increasing in the blend, PLA/TPU melt- 
blown nonwovens exhibited excellent mechanical properties; they are soft, elas-
tic, and have certain tensile strength. New materials have potential applications 
in the medical and agricultural fields. Joncryl ADR 4400 compatibilized blends 
showed higher strength than simple PLA/TPU blends at the same PLA/TPU 
ratio. 
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1. Introduction 

Day by day, the demand for bio-based and biodegradable polymers products is 
increasing in all productions areas for reducing the high amount of carbon emis-
sion, ensuring environmental sustainability and also for waste management. Dur-
ing the whole period of the COVID-19 pandemic, it has been seen that the use of 
PP and other petroleum-based materials masks has been increased at an alarm-
ing rate which is not fully environmentally friendly and also does not maintain 
the mask recycling system in many countries. In order to stop spreading the 
COVID-19 virus and to protect people from all over the world used masks for life 
safety. 

In this paper, PLA toughened super meltblown fabric has been introduced 
which has high mechanical and antibacterial properties. Meltblown nonwoven is 
an industrialized simple, unique and one-step process whereas polymer resins 
are heated in an extruder and then extruded through an orifice die tip, while the 
stream is drawn by high-velocity hot air onto a collector screen to form a finely 
fibrous and self-bonding web for producing superfine diameter fibers (1 - 5 um); 
in the form of a micrometer or nanoscale [1] [2] [3]. In recent years, for pro-
ducing the nonwoven fabrics using melt blown technology, there has been con-
siderable interest grown up in the melt blowing process from both commercial 
and scientific viewpoints [4] and the Polyethylene (PE), Polypropylene (PP), Poly 
(Butylene Terephthalate) (PBT) [5], Thermoplastic Polyurethane (TPU) [6], 
Polyamides (e.g., nylon), Polystyrene (PS), poly (methyl methacrylate), and Poly 
(Lactic Acid) (PLA) have drawn considerable interest in this sector for manu-
facturing biodegradable nonwoven products. 

With the improvement of research in biomedical applications such as tissue 
engineering, scaffolds and fracture fixation devices even PLA can replace stain-
less steel and metallic medical devices [7] [8] [9]. PLA MBs nonwoven is a good 
candidate for replacing non-biodegradable and petroleum-based polymer, and it 
also shows potential finance in the near future [10]. To improve the inherent 
drawbacks of PLA such as low thermal stability, crystallization speed, and ductil-
ity, compatibilizer could be used [11]. Superfine meltblown nonwoven has lots 
of possibilities in the research areas and some other applications including filtra-
tion membranes, medical and health supplies such as bandage mask, oil absorp-
tion materials, etc [6] [11] [12]. 

On the other hand, Thermoplastic Polyurethane (TPU) is a polymer that has 
been widely used to increase the flexibility and strength of plastics like PLA, 
polypropylene and some other brittle polymers [13]. The TPU polymer comes 
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with several attractive properties such as high strength and toughness, biocom-
patibility, flexibility, durability, and bio-stability. On the other hand, TPU is a 
superior candidate for thermoplastic block linear copolymer with tensile strength 
up to 50 MPa and elongation at break of above 500% [6] [14]. Excessive addition 
of TPU in the PLA could decrease the tensile strength of the composite nonwo-
ven [5] [11]. A lot of studies have been effectively employed to improve the 
toughness properties of PLA and among them, polymer blending is an eco-
nomical and practical approach for toughening the PLA; moreover, this process 
is also easy to be industrialized [15]. In order to get rid of these drawbacks, re-
searchers used some compatibilizers [11] such as free radical initiator [16], 1,4- 
Phenylene Diisocyanate (PDI) [17] and maleic anhydride grafted PLA (PLA-g- 
MA) during the meltblown process to improve the PLA/TPU composite nonwo-
ven’s interfacial property [18]. 

For ensuring the security and safety issues, Kanebo Co., Ltd. used TPU melt- 
blown nonwovens for producing work gloves with smooth surface, high heat re-
sistance and dirt resistance [6]. The Donghua University of China blended PLA 
and Thermoplastic Silicone Polyurethane Elastomer pellets together for produc-
ing high mechanical properties of PLA/TPSiU blends the impact strength reached 
19.3 kJ/m2 [19]. 

Joncryl ADR 4400 used in this study is a compatibilizer. Joncryl ADR4400 is a 
polymeric chain extender with a medium epoxy equivalent weight (medium number 
of epoxy groups per chain) that reacts with the chain ends of polycondensates and 
effectively increases their melt viscosity. It can also be used for the modification 
of other thermoplastics such as PC, PC/ABS, PBT, TPU, etc. It is a patented, mul-
ti-functional reactive polymer with improved thermal stability versus earlier chain 
extenders, making it a better additive for specific food contact applications based 
on polycondensation polymers such as PLA, PET, etc [20]. Current study results 
for improving the miscibility and tensile strength are same as the research done 
by M.S. Mahmuda for toughening the PLA with TPU by using EMA-GMA compa- 
tibilizer [21]. 

The manuscript proposed a novel model to predict tensile strength and the 
overall stress-strain dependence of PLA/TPU meltblown fiber mats. Almost no 
studies focused on PLA/TPU meltblown nanofiber. The corresponding PLA/TPU 
MB nonwovens were successfully manufactured and the surface morphology, me-
chanical properties and rheological properties were investigated. The environment- 
friendly toughened PLA/TPU meltblown nonwoven was considered to be well ap-
plied in the area of disposal filtration such as mask, adsorbing, medical and health 
care applications. 

2. Experiments 
2.1. Material 

PLA (grade 6252D especially for MB processing) was supplied by NatureWorks 
LLC (USA) & the flexible Thermoplastic Polyurethane (grade was purchased from 
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BASF. Joncryl ADR 4400 used in this experiment were also purchased from BASF. 
All materials were used as received to produce biodegradable melt blown nonwo-
ven without any further purification. The materials used in the experiment all 
were AR grade and used as received. 

2.2. Material Processing (Melt Blending) 

Melt compounding was carried out via a twin screw extruder (TSE-30A; Nanjing 
Ruiya Extrusion System Limited, China; length/diameter [L/D] = 40) at with a screw 
diameter of 18 mm And an L/D ratio of 40. Prior to melt compounding, the PLA 
& TPU were dried in a vacuum oven at 80˚C for 16 hours non-disturbed to elimi-
nate the moisture. Figure 1 shows that, the PLA/TPU blend in a certain weight 
ratio of 95/5, 90/10, 85/15, 82/20 was melt mixed with Joncryl ADR 4400 (1% 
wt. % of the composites) in a mixer for 5 minutes. The melt blended extruder 7 
chambers temperatures were set at 170˚C, 190˚C, 200˚C, 190˚C, 180˚C, 180˚C and 
170˚C respectively. 

The extruded blended samples was cooled in a clean normal water bath and 
then pelletized. The produced pellets were dried in a vacuum oven at 80˚C for 12 
hours undisturbed and afterward stored in a vacuum at room temperature for 
further processes. 

2.3. Method of Meltblown Preparation 

PLA/TPU meltblown nonwovens were prepared by using an experimental 
meltblown machine (Jiaxing Longman Measurement and Control Technology 
Co., Ltd., China). Before doing the meltblown process the blend PLA/TPU was 
kept in vacuum oven at 80˚C degree Celsius for 24 hours to remove the mois-
ture. A typical meltblown spinning process and the fixed meltblown param-
eters in this study are shown in Figure 2. PLA/TPU MB nonwoven were manu-
factured by a laboratory scale MB nonwoven machine with a single orifice die. 
The diameter of the orifice was 0.3 mm; the L/D was 40. PLA and PLA/TPU  

 

 
Figure 1. Melt blending of PLA-TPU & compatibilizer. 
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Figure 2. Processing flow of PLA/TPU meltblown. 

 
blends were extruded at 240˚C - 250˚C. Nitrogen gas was injected at a fixed 
pressure of 0.2 MPa to get a standard and uniform melt flow from the die or-
ifice. The drawing hot air (0.3 MPa) was also kept at 270˚C - 280˚C. The 
spun PLA/TPU meltblown fiber were cooled at room temperature and col-
lected on a stainless steel roller (collector) with a suction set; the collector 
speed and the Die to Collector Distance (DCD) were optimized according to 
the practical adjustment to get superior quality of meltblown nonwovens fab-
ric. 

2.4. Characterization 
2.4.1. Differential Scanning Calorimetry (DSC) 
DSC tests were carried out using a Perkin-Elmer DSC 8000 (USA) under N2 at-
mosphere (20 mL/min). Samples of 5 ± 0.5 mg were weighted and sealed in alu-
minum crucibles. Samples were heated from 25˚C to 230˚C at 10˚C/min (first 
heating), equilibrated at 230˚C for 3 min to eliminate the thermal history, cooled 
to 25˚C at 10˚C/ min, and then heated again from 25˚C to 230˚C at 10˚C/min 
(second heating). The crystal weight fraction (Xc) of PLA could be calculated by 
using Equations from Zhu et al. [22]. 

( ) ( ) ( )
( )0

100m cc
c

t

H PLA H PLA
X PLA

H PLA W
∆

= ×
∆

−∆
            (1) 

Here, ΔHm is the measured melting enthalpy, ΔHcc is the measured cold crys-
tallization enthalpy, ΔH0 is the melting enthalpy for 100% crystalline PLA (93.1 
J/g). 
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2.4.2. Scanning Electron Microscopy  
of PLA-TPU Blends (SEM) 

The surface morphology and structure of PLA-TPU melt blended polymer with 
and without Joncryl ADR 4400 observed by using field emission scanning elec-
tron microscopy (FE-SEM) (Ultra 55, Carl Zeiss, AG, Germany) at an accelerat-
ing voltage of 2 - 3 kV. The specimens were firstly dispersed in liquid nitrogen 
about 3 - 5 minutes and were cut the sample with two stainless steel handle into 
small part to attach into the gold plate for the test. A clean and smooth surface plays 
crucial part to get the good quality images. 

2.4.3. Thermogravimetric Analysis (TGA) 
TGA test was performed using a Mettler Toledo TGA/DSC1/1600 (Switzerland) 
under the N2 atmosphere (20 mL/min). Samples of 5 ± 0.5 mg were weighted 
and put into a ceramic crucible; samples were heated from room temperature to 
550˚C at 20˚C/min. 

2.4.4. Crystal Forms of Melt Blended PLA/TPU (XRD) 
A Wide-Angle X-Ray Diffractometer (WAXD) was obtained by using a Bruker AXS 
D8 Discovery (Germany) at room temperature. The PLA, TPU, and MBs samples 
of 10 mm × 10 mm were tested. The CuKa radiation source was operated at 40 
kV power and 40 mA current. The scanning angle ranged from 10˚ to 40˚ with 
increments of 0.02˚. 

2.4.5. Mechanical Properties of PLA/TPU Blends 
Mechanical behaviors of PLA and PLA/TPU MB nonwovens were investigated 
using a universal tensile machine (Instron-3369, USA) according to the method 
of ISO 9073-3-1989. All samples were conditioned under standard laboratory 
conditions (25˚C ± 2˚C and 65% RH) for 24 h. Samples with the size of 50 mm - 
20 mm were selected in rolling direction, and the tensile speed was 50 mm/min. 
All the results were calculated as the average of five specimens. 

2.4.6. Rheology of PLA/TPU Blends 
Rheological behaviors were measured using a twin column capillary rheometer 
(Rosand RH7, UK) with a length-to diameter ratio (L/D) of 16 and the diameter 
of 1 mm. Test began with two times of pre-compression (pressure 0.3 MPa) and 
preheat (a total of 3 min) to ensure that the samples were melt and compacted, 
and the temperatures were set at 210˚C. Shear stress and shear rate were cor-
rected using a zero-length die. 

3. Result & Discussion 
3.1. Melting & Crystallization: DSC 

DSC second heating and cooling curves of PLA/TPU blends are shown in Fig-
ure 3, and the corresponding thermal parameters are listed in Table 1. In the 
trace of PLA heating curve, the glass transition temperature (Tg) was 57.71˚C 
and the cold crystallization temperature (Tcc) at 111.89˚C was observed due to  
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Figure 3. DSC heating curves of PLA/TPU blends: (A) 100/0, (B) 95/5, (C) 90/10, (D) 
85/15, (E) 80/20, (F) TPU. 

 
Table 1. PLA TPU DSC heating rate. 

Pla/Tpu (wt%) Tg (PLA) Tcc (PLA) Tm1 (PLA) 

100/0 57.71 111.89 150.11 

95/5 57.51 112.23 150.39 

90/10 57.52 111.77 149.77 

85/15 57.85 112.84 150.89 

80/20 57.24 112.13 150.39 

TPU - - - 

 
the mobility and rearrangement of PLA macromolecules. 

In Table 1, PLA displayed two obvious separated melting peaks (Tm) which 
could be explained by the mechanisms of melt recrystallization, multiple lamel-
lae, or crystal structures. In the cooling process of PLA, no obvious crystalliza-
tion peak (Tc) was found because of its slow crystallization rate. 

3.2. Scanning Electron Microscopy (SEM) of Poly (Lactic Acid) & 
Thermoplastic Poly Urethane 

The morphology of composites was observed by scanning electron microscopy 
(SEM). Figure 4 shows the SEM images of the cryofractured surface of neat 
polymers, non-compatibilized and compatibilized PLA/TPU blends with vari-
ous weight compositions. Two important surface morphologies can be expected 
such as sea-island structure or matrix-droplet morphology and a co-continuous 
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morphology when two or more immiscible polymers were melt blended together 
[21] [23]. SEM images (A-B-C-D-E) shows the morphological structure of the 
PLA/TPU 100/0, 95/5, 90/10, 85/15 and 80/20 respectively. The development of 
phase morphology significantly affects the properties of polymer blends and this 
morphological development was influenced by the different blend ratios and 
compositions. Adding an additive or compatibilizer can plays a vital role to make 
this change. All of the blends show a clear, phase-separated morphology with 
TPU dispersed in the PLA matrix. It can be seen in Figure 4 (image A) that 
100% melt blended PLA has a smooth fractured and homogeneous surface com-
paratively to other blended polymer surfaces even after adding the compatibilizer. 
The phase morphology in binary PLA/TPU polymer blends was generally af-
fected by the weight and viscosity ratios of blending components. It was obvious 
to find that PLA/TPU blends still presented a ‘‘sea-islands’’ structure as the blends 
images showed. TPU phases were uniformly dispersed in PLA (Poly (Lactic Ac-
id)) matrix as globules shape roughly 8 - 9 mm in diameters, and some dispersed 
phases began to contact and even compress with each other when increasing the 
blending weight ratio of TPU. However, the interface between PLA and TPU 
phases in PLA/TPU/joncryl adr 4400 blends was effectively intensified in compar-
ison to the PLA/TPU blends reported in previous studies [24]. It should be noted 
that some voids and de-bonding still existed, and the interface between PLA and 
TPU was not completely ‘‘wetted’’ by the compatibilizer, especially when the blend-
ing proportion of joncryl adr 4400 was low, i.e., PLA/TPU/joncryl adr 4400 (95/5/1). 
It was observed that, as the amount of TPU was increased in the composites, the 

 

 
Figure 4. SEM images of PLA/TPU melt blending with and without compatibilizer: (A) 
100/0 (B) 95/5, (C) 90/10, (D) 85/15, (E) 80/20 (F) 95/5/1 (G) 90/10/1 (H) 85/15/1 (I) 
80/20/1. 
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thermal stability and flexibility increased; on the other hand the brittleness of 
PLA reduced. The glass transition temperatures of the composites were increased 
with the addition of thermoplastic polyurethane and it could be attributed due to 
the decrease in the segmental motion of the polymer chains. 

3.3. Thermal Properties (Thermo Gravimetric Analysis) 

As PLA is a semicrystalline polymer, and its mechanical properties strongly de-
pend on its crystallization behavior. Biodegradable polymers such as PLA, poly- 
caprolactone, polybutylene succinate, polybutylene succinate adipate, etc. are gen-
erally displayed poor thermal stability, which affected the processing and proper-
ties of end product [11]. Polymeric and composite materials properties such as 
thermal stability and glass transition temperature (Tg) are very important parame-
ters for the composite materials applications. Figure 5 shows the weight as a func-
tion of temperature for PLA/TPU blends with and without compatibilizer. A single 
thermal degradation stage was observed in both PLA and TPU. 

Figure 5 showed that, the initial thermal decomposition temperature (Tinitial) 
of PLA was about 280.31˚C, and the practical MB processing temperature was 
generally < 250˚C. In comparison with PLA, TPU displayed higher thermal sta-
bility with the (Tinitial) of 333.6˚C. The thermal degradation of PLA and TPU took 
place via different mechanisms, since two obvious decomposition stages could be 
observed in PLA/TPU blends. Both non-free and free radical theories were adopted 
to explain the thermal degradation of PLA [11] [22]. The glass transition of Poly 
(Lactic Acid) (PLA) is considerably affected by the addition of TPU and on the 
other hand glass transition of TPU phase changes very little with the addition of 
PLA. 

3.4. X-Ray Diffraction Analysis 
Crystal Forms of Melt Blended PLA/TPU 
To investigate the effect of TPU on the crystalline structure of PLA, the WAXD 
patterns of TPU with and without modification and PLA/TPU MBs were deter-
mined, as shown in Figure 6. The XRD graph shows that all the base lines of the 
melt blended pure PLA and PLA/TPU were nearly the same. Only two major pea 
k s found in the XRD graph. The main two peaks of PLA blend were found at 2θ 
(theta) angle of 16.64˚ and 18.94˚ which corresponds to 110 & 203 lattice plane 
respectively and another two peak s found at 14.75˚ & 22.31˚ which corresponds 
to (010) & (15) lattice plane respectively [25]. Adding TPU in the PLA there 
were no significant differences in the peak values, suggesting that TPU did not 
affect the basic structure of PLA [26]. 

The low crystallinity degree of Poly (Lactic Acid) (PLA) MBs could be at-
tributed to two main reasons such as: 1) the crystallization rate of PLA was inher-
ently low at room temperature; and the 2) PLA meltblown fibers did not have 
enough time to be crystallized during the rapid production process of melt blow-
ing because it requires lower temperature to be melted [27]. 
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Figure 5. TG curves of PLA/TPU blends before and after adding the compatibilizer: In picture (A): (a) 100% PLA; (b) 95/5; (c) 
90/10; (d) 85/15; (e) 80/20; (f) TPU. In picture (B): (a) 95/5/1; (b) 90/10/1; (c) 85/15/1; (d) 80/20/1. 
 

 
Figure 6. Wide-angle X-ray diffractometer patterns melt blended PLA/TPU: (a) 100/0; 
(b) 95/5; (c) 90/10; (d) 85/15; (e) 80/20. 

3.5. Mechanical Properties of PLA/TPU Composite Nonwoven (Ten-
sile) 

The tensile mechanical properties of PLA/TPU meltblown nonwovens are shown 
in Figure 7. Basically the meltblown is an advanced process that can produce 
high quality nonwovens fabric with porous and fluffy structures (nanofiber)  
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Figure 7. Tensile strength elongation curves of PLA/TPU MB nonwovens after adding compatibilizer. 
 

fiber), consist of many superfine fibers and cohesive points which provide the 
mechanical strength in the fabric. When the meltblown nonwovens started 
stretching, generally the tensile force first makes the nonwoven fabric get nar-
rower and gradually the fiber’s strength falls down at a n equilibrium stage. The 
addition of TPU at 15% and 20% could generate a noticeable improvement in 
the toughness of the poly (lactic acid), as figured out in the figure above in ac-
cordance with enhanced elongation at break especially, at 15 wt% content. In the 
above figure, it showed that PLA/TPU 85/15 linear curve 0.40 Mpa exhibits higher 
tensile strength compared to pure PLA or others blend. This means that with the 
addition of TPU, even though only 5%, the spinnability and tensile properties of 
the material is obviously decreased. Beside the last composite 80/20 although streng- 
th is higher but the durability and elongation at break point very closer to low 
amount of TPU added percentages. In this research it found that inappropriate 
amount of adding TPU or an additive resulting in poor or irregular tensile 
strength. 

3.6. Rheological Behaviors 

Based on the two curves above it has been seen that the viscosity is increasing 
gradually as the amount of TPU is increasing in the PLA blend. The rheological 
properties of PLA/TPU blends are investigated at 200˚C and 210˚C tempera-
tures. Capillary Rheological Characterization melt blended at a certain shear rate 
dynamic apparent viscosity size. In this study, small amplitude oscillatory shear 
rheological experiments were conducted to compare the melt viscoelastic be-
haviors of the neat PLAs and the blends and to assess the compatibility between 
the PLA and TPU phases. 

Figure 8(A) and Figure 8(B) show PLA/TPU apparent viscosity of the melt 
blended material shear rate increases and decreases. When the shear rate is near 
the 0 rad/s, at the beginning the apparent viscosity of the melt with the rise in  
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Figure 8. Apparent viscosity ηa versus shear rate γ at 200˚C & 210˚C of PLA/TPU blends: (a) 100/0; (b) 95/5; (c) 90/10; (d) 85/15; 
(e) 80/20; (f) 0/100. 
 

the mass ratio of TPU is slightly increased. Due to the TPU the viscosity of the 
blends increases which may be ascribed to the higher viscosity of TPU than that 
of PLA under the processing temperature. However, the range of blend viscosity 
increase is still limited. At the same time, the addition of catalyst has no obvious 
influence on the apparent viscosity of blends. Overall at two different tempera-
tures are used to understand the PLA/TPU blends rheology properties. As the 
temperature increases the apparent viscosity of the sample has decreased. With 
the change in the shear rate the apparent viscosity curve substantially similar for 
all samples. The increasing of temperatures the shear viscosity decreased because 
of macromolecules chain movement enhanced so that apparent viscosity is also 
decreased. Increasing the rate of apparent viscosity is because of the entangle-
ment PLA and TPU chains molecules. The entanglement between molecular 
chains of PLA and TPU is reduced which cause the reduction of the apparent 
viscosity. 

4. Conclusion 

The applications of meltblown nonwovens fabrics have continually been grow-
ing. In the future, meltblown products will continue to increase rapidly in market 
share and can easily penetrate new markets including some portions of the ap-
parel market. Poly (Lactic Acid) and Thermoplastic Polyurethane blends were 
fabricated by melt blowing process to prepare a biodegradable composite ma-
terial with improved toughed quality. A novel model was developed to predict 
tensile strength and the overall stress-strain dependence of meltblown fiber mats. 
The corresponding PLA/TPU MB nonwovens were successfully manufactured 
and the surface morphology and mechanical properties were investigated. DSC re-
sults revealed that the addition of TPU elastomer not only accelerates the crystal-
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lization rate of PLA, but also decreases the PLA crystallinity. The tensile strength 
and elongation of PLA/TPU MB nonwovens were improved, among which the 
strength and the elongation at the maximum strength of PLA/TPU (85/15) MB 
nonwovens were increased in comparison with that of PLA; however, some de-
fects on PLA/TPU MB webs also occurred when the blending proportion of TPU 
increased to 20%. The environmentally friendly toughened PLA/TPU meltblown 
nonwoven was considered to be well applied in the area of disposal filtration such 
as mask, adsorbing, medical and health care applications. However, to improve 
the quality of MB nonwoven the miscibility between PLA/TPU should be further 
improved using another additive or applying another method. Further studies 
should focus on increasing the antibacterial properties by adding some antibac-
terial agents to get better results. 
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