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Abstract: In this study, rheology, structure and melt spinnability of thermoplastic starch TPS/PLA blend compounds as 
well as characteristics of melt spun fibers was studied. Thermoplastic starch is further modified with tartaric acid and 
blends are compatibilized using graft copolymer, maleic anhydride grafted PLA. Results from rheology analysis of 
compounds shows significantly reduced melt flow rate MFR and reduced viscosity as a result of tartaric acid modification 
and compatibilization, but the viscosity was increased as TPS_TA content in the blend increased. In addition, storage 
modulus (G`) and loss modulus (G``) were increased with increasing TPS_TA content in the blends. Fourier transform 
infrared spectroscopy FTIR analysis confirmed O-H peak shifts and peak intensity changes associated to starch 
thermosplasticization and further peak shifts associated with more O-H bond breakages due to tartaric acid modification, 
indicating acid hydrolysis action of tartaric acid which agrees with results from rheology study. Melt spinning trials show 
the possibility of melt spinning of biopolymer fibers from blends with up to 40%w/w TPS_TA content. The melt spun 
fibers have diameter in range of 12.0–124.0 µm depending on take up speed and TPS_TA content. Differential scanning 
calorimetry DSC analysis of melt spun fibers shows glass transition Tg shifts attributed to molecular orientation and rigid 
amorphous TPS phase formation as well as the occurrence of double melting peaks Tm associated to different crystals 
resulting from induced crystallization. The overall result from this study shows the possibility of melt spinning 
thermoplastic starch/PLA blend biopolymers in to fibers, revealing opportunity to utilize starch biopolymer for fiber 
spinning. Furthermore, the results also show the need for further research engagements to get fibers with better 
performance. 
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1. INTRODUCTION 

Addressing the challenges of plastics production 
from petroleum based feed stock has become a priority 
for major global entities, including the United Nations 
Environment Assembly Programme (UNEA-5.2), World 
Economic Forum (WEF), the World Health Organi-
zation, and the European Union (EU) [1]. 

The development of bio-based and biodegradable 
plastics as an alternative to petroleum-based polymers 
has emerged as a topic of interest for creating future 
materials capable of various sustainable applications. 
Different sectors within the plastics industry, including 
the fiber and textile sector, are striving to engage in this 
green transition. Global fiber production reached 111 
million metric tons, having doubled over the past 20 
years [2]. However, the synthetic fibers of 
petrochemical origin dominate the current global textile  
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market, among them polyethylene terephthalate (PET) 
with a global market share of 52% in 2020 [2, 3]. 

More recently, the textile industry has embraced the 
adoption of bio-based and biodegradable polymers, 
with the textile market projected to grow at a compound 
average growth rate (CAGR) of 12% over the next 
decade, the aim is to reduce the negative 
environmental impact of petrochemical polymers [1, 4]. 
Biodegradable polymer fibers with added functionalities 
are in high demand for various applications, including 
biomedicine, textiles, and others [6-8]. A wide range of 
biodegradable polymers derived from both synthetic 
and natural sources exist, but many of them suffer from 
processing difficulties and high cost. 

Some of the common biodegradable thermoplastics 
produced at industrial scale include polylactic acid 
(PLA), polyhydroxyalkanoates (PHAs), thermoplastic 
starch (TPS), polybutylene adipate terephthalate 
(PBAT), polybutylene succinate (PBS), and poly-
caprolactone (PCL) [1, 5] among others. 
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Starch is an abundant biopolymer with potential use 
as a sustainable substitute for petrochemical polymers 
in the textile and plastics industry as well as other 
industrial applications [10]. The manufacture of 
materials based on starch represents an important 
potential in the market due to the wide availability of its 
raw material, biodegradability, low cost and the 
versatility for making chemical modifications [11]. 

Native starch does not exhibit a good processability. 
Therefore starch needs modifications to be used in 
industrial applications [12]. Thermal modification of 
starch can be done by thermo-plasticization, intended 
to convert it into a thermoplastic material in the 
presence of plasticizer, heat and shear force, by de-
structuring the granular structure of starch crystallites. 
The efficiency of starch thermoplasticization depends 
on the capacity for hydrogen bonding and cleaving of 
the starch chains. In this sense, the loss of crystallinity 
is responsible for the de-structuring of the starch 
granules, thereby affecting the material stability and the 
physical-mechanical properties [13]. Nevertheless, 
thermoplastic starch has drawbacks, such as poor 
mechanical properties, very high hydrophilicity, high 
viscosity and poor thermal stability [12, 13].  

Combination with existing biodegradable polymers 
to create new biodegradable or functional materials 
became an effective strategy to produce materials with 
comparable properties [14, 15]. PLA, a biodegradable 
polymer, has received great attention due to its 
advanced applications, versatility, and properties [17, 
18]. However, due to its high cost and brittle nature as 
compared to non-degradable polymers, its application 
is limited [20]. Blends of PLA and TPS have been 
developed to overcome the low degradation rate and 
high cost of PLA and improve the performance and 
functionality of TPS. According to Mayekar et al. 2023, 
TPS can accelerate the biodegradation of PLA in 
industrial composting conditions and in home 
composting settings [21]. Despite these benefits, both 
biopolymers are thermodynamically immiscible and 
present poor interfacial adhesion, making it difficult to 
achieve favorable processing and performance 
properties [22]. In the recent years numerous studies 
investigated the possibilities of introducing different 
reactive coupling agents in order to enhance the 
interfacial adhesion between TPS and PLA, among 
which, the use of reactive compatibilizers is most 
common [19-22]. The compatibilization of polymeric 
materials from different sources has been used more 
often to achieve adequate synergy and guarantee the 
best properties in the product [15, 23]. 

Usually TPS has a high molecular weight and 
complex structure to achieve the viscosity and melt 
extensibility required to prevent fracture and failure of 
the fibers as they are formed when it is blended with 
other biopolymers [18]. Hence besides thermoplas-
ticization and blending, further modification of the 
properties of thermoplastic starch and improving its 
miscibility with other biopolymers is required to better 
utilize this abundant biopolymer for textile applications 
[28]. 

Among the different starch modification methods, 
chemical modification can be a strategy to overcome 
the drawbacks and increase its processability by 
reducing the viscosity, weakening the intermolecular 
hydrogen bonds, and decreasing the molecular weight 
[26, 29]. The chemical modification of native starch 
causes structural changes in the polymer molecule 
affecting their physio-chemical properties which make 
them suitable for industrial uses. Acid hydrolysis is an 
important chemical modification that can significantly 
change the structural and functional properties of 
starch without disrupting its granular morphology [31]. 
Different organic acids have been used by previous 
researchers to modify the properties of starch [15, 20]. 
However, based on a literature survey, there is no 
research report focused on starch modification with 
tartaric acid combined with thermoplasticization, and 
studying its melt spinnability (eco-friendly and scalable 
fiber spinning method) by blending with other 
biopolymers. Hence, this study aims for melt spinning 
of TPS based biopolymer compounds by modifying the 
properties of native starch and studying the properties 
of melt spun fibers. 

2. EXPERIMENTAL 

2.1. Materials 

Tapioca starch from SWI.Co.TH, Thailand with a 
moisture content of 11.6% was supplied by Ferdinand 
Kreutzer-Sabamühle, Germany. PLA Luminy® LX530 a 
medium flow fiber-grade resin with (98% L-isomer 
content, density of 1.24 g/cm3 and melt flow index of 23 
g/10 min) was purchased from (Total Corbion). 
Industrial grade glycerol of 99.5 % purity having a 
molecular weight 92.04 g/ml was purchased from 
(chemiekontor.de GmbH). Tartaric acid, having a 
molecular weight of 150.09 g/mol and a density of 1.79 
g/ml in form of a crystallin powder was supplied by 
(Algin Chemie e.K, Germany). Maleic anhydride, in 
white large crystals (chunks) with a purity of 98.5 % 
and molecular weight of 98.06 g/mol was purchased 
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from Sigma Aldrich and dicumyl peroxide of 98 % 
purity, a white crystallin powder with a molecular weight 
of 270.37 g/mol, was also purchased from Sigma 
Aldrich. 

2.2. Preparation of Thermoplastic Starch (TPS) and 
TPS_TA 

Conversion of native starch into thermoplastic 
material was done using a co-rotating twin screw 
extruder available at the Institute for Circular Economy 
of Bio:Polymers at Hof University (ibp), Germany. 
Starch melt extrusion was done in two phases: the first 
phase without tartaric acid and the second phase with 
the addition of tartaric acid. To convert starch into 
thermoplastic material, 30%w/w (starch dry mass 
basis) glycerol was used as a plasticizer in the first 
phase of TPS preparation. In the second phase, starch, 
glycerol (30 %w/w starch mass basis) and tartaric acid 
with a content of 0.5 %w/w (based on starch mass), as 
an additive to improve the viscosity of TPS, was used. 

Starch powder and the predetermined amount of 
tartaric acid in powder form were dry mixed and 
glycerol was added and mixed for about 1 hour at 
medium speed in a kitchen mixer (BOSCH MUM4, 
Germany). The melt extrusion was done on a co-
rotating twin screw extruder (Lab Tech Engineering 
Co., Ltd, Thailand) with a screw length to diameter ratio 
(L/D) of 44 and a screw diameter of 20 mm. 

The pre-mixed starch, glycerol and tartaric acid (TA) 
mixture was fed into the hopper of the twin screw 
extruder and melt extruded into thermoplastic starch 
(TPS) strands. The melt extruded strands were air 
cooled; cut and pelletized using the inline granulator 

and the TPS granulates were collected for further 
study. Extrusion parameters and material proportions 
for TPS extrusion are given in Table 1. 

2.3. Preparation of Compatibilizer - Maleic 
Anhydride Grafted PLA (PLA-g-MA) 

The grafting of PLA takes place by reactive 
extrusion of PLA and maleic anhydride in the presence 
of dicumyl peroxide (DCP) as an initiator, on a co-
rotating twin screw extruder. Prior to grafting, PLA 
granulate was dried for 8 hours at 70 °C using a 
LUXOR CAS compressed air dryer (Motan Holding 
GmbH, Konstanz, Germany). The maleic anhydride (2 
%w/w based on PLA mass) and 0.75 %w/w of DCP as 
an initiator were premixed in a corrosion resistant 
container and then fed into the hopper of the co-
rotating twin screw extruder for melt extrusion. The 
melt extruded strands were pelletized/granulated and 
the granules were collected to be used as com-
patibilizer during TPS/PLA blend preparation. Process 
parameters and material proportions for PLA-g-MA 
preparation are given in Table 2. 

Maleic anhydride (MA) grafting onto the PLA 
backbone takes place through free radical reaction with 
two possible mechanisms. In the first mechanism (path 
A), the DCP initiator converts PLA into a macro-radical 
by extracting hydrogen from the PLA structure. This 
macro-radical provides a site for grafting MA onto the 
PLA. In the alternate mechanism (path B), presence of 
the radical initiator, not only extracts hydrogen from 
PLA but also results in β-chain scission of the polymer 
reducing molecular weight. Figure 1 shows the possible 
mechanisms of reaction between PLA and MA. 

Table 1: Extrusion Parameters for TPS Preparation 

Sample name Starch (%w/w) Glycerol (%w/w) Tartaric acid (%w/w) Screw speed (rpm) Feed rate Kg/h 

Neat TPS 70 30 - 120 2 

TPS_TA 70 30 0.5 120 2 

Extrusion temperature for TPS preparation 

Temperature (°C) Feed-100 /110/110/120/120/130/130/130/130125/125 -Die 

 
Table 2: Process Parameters and Material Proportions for PLA-g-MA Preparation 

Sample name PLA (%w/w) MA (%w/w) DCP (%w/w) Screw speed (rpm) Feed rate Kg/h 

PLA-g-MA 98 2 0.75  80 2 

Extrusion temperature for graft compounding 

Temperature (°C) Feed-155 /160/165/165/170/180/180/180/175/175/170 -Die 
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Figure 1: Proposed mechanisms of MA grafting onto the PLA 
backbone [33]. 

2.4. Preparation of Polymer Blend Compounds 

The melt extruded TPS, TPS_TA and PLA 
granulates were melt blended in the presence of PLA-
g-MA as a compatibilizer using a co-rotating twin screw 
extruder with a screw length to diameter ratio (L/D) of 
44 and screw diameter of 20 mm. Prior to melt 
extrusion TPS, PLA and PLA-g-MA granulates were 
each dried for 8 hours at 70 °C by using a LUXOR CAS 

compressed air dryer (Motan Holding GmbH, Kons-
tanz, Germany). 

Then the dried granulates were physically mixed 
based on the predetermined composition for each 
blend compound and fed into the hopper of the 
extruder. The parameters for melt extrusion and blend 
proportions are given in Table 3. 

2.5. Melt Spinning 

Melt spinning of the TPS_TA based blend 
compounds was done on the mono filament piston type 
melt spinning device available at Leibniz-Institut für 
Polymerforschung e.V. (Dresden), Germany. The 
piston type melt spinning device has a single barrel 
piston and is equipped with a capillary hole of 0.3 mm 
diameter (D), the ratio of the capillary length L to the 
capillary diameter (L/D) being 2. The pre-dried (for 12 
hours at 40 °C) polymer samples were filled in and 
melted at 180 °C. Subsequently, the molten material 
was forced by a piston through a single hole die. A 
winder was used to collect the melt as spun 
monofilaments with varying take-up speeds with the 
intention of finding the maximum spinnable take-up 
speed for each compound. 

Compatibilized compounds that were prepared with 
tartaric acid addition were selected for melt spinnability 
testing on the standard device, due to their better 
performance in preliminary tests done on another non-
standard simple device used for filament spinning. 

Table 3: Process Parameters and Blend Proportion for the Preparation of Blend Compounds 

Compound name TPS (%w/w) TPS_TA (%w/w) PLA (%w/w) PLA-g-MA 
(%w/w) 

Screw 
speed (rpm) 

Feed rate 
Kg/h 

40TPS/60PLA 40 - 60 - 120 2 

40TPS_TA/60PLA - 40 60 - 120 2 

40TPS/48PLA12PLA-g-MA 40 - 48 12 120 2 

40TPS_TA/48PLA/12PLA-g-MA  40 48 12 120 2 

30TPS/70PLA 30 - 70 - 120 2 

30TPS_TA/70PLA - 30 70 - 120 2 

30TPS/56PLA/14PLA-g-MA 30 - 56 14 120 2 

30TPS_TA/56PLA/14PLA-g-MA  30 56 14 120 2 

10TPS/90PLA 10 - 90 - 120 2 

10TPS_TA/90PLA - 10 90 - 120 2 

10TPS/72/PLA18PLA-g-MA 10 - 72 18 120 2 

10TPS_TA/72PLA/18PLA-g-MA - 10 72 18 120 2 

Neat PLA  - 100 - - - 

Extruded PLA - - 100 - 120 2 

Extrusion temperature for blend compounding 

Temperature (°C) Feed-135/150/160/160/163/170/170/170/165/160/155 -Die 
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The material composition, parameters for melt 
spinning and melt spun fiber diameter measurements 
are given in Table 4 in the results section. 

3. BASIC CHARACTERIZATIONS 

3.1. Rheology Study 

The rheology study was done with the direct flow 
method using a melt flow index device and with a 
rotational rheometer. 

3.1.1. Melt Flow Index Measurement 

Melt flow index (MFI) or melt flow rate (MFR) is a 
measure of a given polymers’ flow characteristics also 
known as the rheological property in the molten state 
under a known pressure and temperature. Ergo, it is a 
measure of the ease of flow of a thermoplastic polymer 
melt. It can also be defined as the weight of polymer in 
grams flowing in 10 min (g/10min) through a die of a 
specific diameter with application of pressure by a 
defined weight at a given temperature. 

The MFI measurement in this study was conducted 
on a Karg Industrietechnik MFI device following the 
ISO 1133 standard test method using an applied load 
of 2.16 kg and a temperature of 180 °C with a pre-
heating time of 300 s. 

3.1.2. Rheological Measurement using Rotational 
Rheometer 

To measure the rheological properties of the 
prepared polymer compounds, a rotational rheometer 
Discovery HR-2 hybrid from TA instruments was used. 
The plate-plate geometry with a diameter of 25 mm and 
a gap of 10 mm was used to conduct measurements 
under air atmosphere. The steady shear flow measure-
ments at different temperatures were conducted using 
a shear rate ranging from 0.1 – 100 /s. The dynamic 
oscillatory frequency sweep test was performed at a 
constant strain of 1 % and a frequency ranging from 
100 HZ–0.1 HZ at various temperatures. 

3.2. Thermal Characterization 

Thermal characterization of the melt spun fibers 
was done using the differential scanning calorimetry 
DSC 214 Polyma instrument (NETZSCH-Gerätebau 
GmbH). The DSC analysis was conducted to find out 
the thermal transitions and crystallinity behavior of the 
fibers as a result of different take-up speeds. 

For DSC measurement, a fiber sample mass of 6.5 
– 8.5 mg was used in a nitrogen gas atmosphere with a 

gas flow rate of 40 ml/min. The samples were heated at 
a constant heating rate of 10 K/min within a tem-
perature range of -20 °C to 200 °C for the first heating 
cycle followed by a cooling cycle from 200 °C to -20 °C 
and a second heating cycle from -20 °C to 200 °C. 

The thermal characteristics of the melt spun fibers 
were analyzed to see the effect of take-up speed on 
thermal transitions. The percent crystallinity of the 
polymer was calculated using the heat of melting (ΔHm) 
and the heat of cold crystallization (ΔHc) according to 
the following equation: 

 
% crystallinity = !Hm " !Hc

!Hm! #wf
#100%         (1) 

Where ΔHm° is the theoretical heat of melting for 
100% crystalline PLA which is (93 J/g) [34] and Wf is 
the weight fraction of PLA in the blend. 

3.3. Structural Characterization 

3.3.1. Fourier Transform Infrared Spectroscopy 
(FTIR) Characterization 

The structural characterization of polymer com-
pounds was performed using fourier transform infrared 
spectroscopy (FTIR). In FTIR spectra, most molecules 
absorb light in the infrared region of the electro-
magnetic spectrum, converting it to molecular vibration. 
This absorption is characteristic for the nature of the 
chemical bonds present in a sample. 

In this study FTIR analysis was performed in ATR 
(attenuated total reflection) modality on polymer pellets 
and the ATR spectra were recorded using a Bruker 
Tensor 27 FT-IR spectrometer (Bruker optic, Ger-
many). The samples were heated from 30 °C to 250 
°C, with increments of 10 °C, and the spectra were 
recorded every 10 °C at wave numbers ranging from 
400 cm−1 to 4000 cm−1. 

3.4. Tensile Test for Melt Spun Fibers 

In this study, a Zwick Roell tensile testing device 
was used to carry out tensile test measurements of 
melt spun fiber samples using a clamping distance of 
200 mm. Prior to tensile testing, the samples were 
conditioned for 24 hours at 50% relative humidity and 
22 °C to minimize the environmental effect on the fiber 
properties. 
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3.5. Fiber Surface Morphology 

3.5.1. Microscopic Images of Melt Spun Fibers 

To measure the longitudinal image of the melt spun 
fibers, a digital microscope VHX-950 from Keyence 
Corporation was used. Fiber images were taken using 
different lenses and magnifications. 

4. RESULTS AND DISCUSSION 

4.1. Results of Melt Flow Characterization  

The melt flow index value for neat compounds is 
given in Figure 2 and that for blend compounds is 
Figure 3. The melt flow rate for neat TPS cannot be 
measured under the same parameters due to its very 
high viscosity. As we see from results in Figure 2, the 
melt flow property of modified TPS was surprisingly 
improved with a MFR value of 232 g/10min as 
compared to neat TPS and neat PLA. 

 
Figure 2: Melt flow rate results for TPS_TA and neat PLA. 

This high melt flow ofTPS_TA is achieved due to a 
significant reduction in viscosity, which in turn is due to 
a reduction in molecular weight. The reduced molecular 
weight confirms the breakage of strong glycosidic 
bonds present in native starch by acid hydrolysis in the 
presence of tartaric acid. These confirm that carboxyl 
acids can promote the acid hydrolysis of starch 
molecular chains, causing the glycosides bond rupture 
and cleavage linkages [35]. The decrease in molecular 
weight of the polymer reduces the chain entanglement 
and results in exhibiting low shear viscosity and high 

flow properties. Figure 3 shows the MFR values for 
blend polymers prepared with and without TA addition. 
For the MFR analysis, a mixing ratio of 50/50 is used 
instead of the mixing ratio of 40/60. As we see from 
Figure 4, the blend compounds prepared from TPS_TA 
have higher MFR values as compared to those 
prepared from neat TPS. The improved melt flow rate 
of blends prepared from TPS_TA, shows the effect of 
tartaric acid in facilitating better flow characteristics of 
blends overall. ANOVA analysis of MFR values shows 
significant differences between TA modified and 
unmodified samples for all blend ratios with a p value 
less than 0.05 at 95% confidence level. This confirms 
that tartaric acid significantly increasing the melt flow 
rate via a high reduction in starch viscosity. 

 
Figure 3: Melt flow rate for blend compounds. 

4.2. Effect of Maleic Anhydride Grafting on 
Rheology of PLA 

The effect of grafting on PLA rheology was studied 
using a dynamic oscillatory frequency sweep test done 
at a fixed strain of 1 % and a flow sweep test with 
steady shear rate varying from 0.1 – 100 /s. The 
rheology characteristics of neat PLA, grafted PLA 
(PLA-g-MA) and extruded PLA (as control) where 
extrusion is done using similar process conditions used 
for PLA grafting, were compared to see the effec-
tiveness of grafting. 

Figure 4 shows the rheological characteristics, 
shear viscosity, complex viscosity and storage modulus 
of neat PLA, grafted PLA and extruded PLA measured 
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at 170 °C. As we see from Figure 4a, b, the shear 
viscosity as well as complex viscosity of PLA-g-MA is 
much lower than that of neat PLA and extruded PLA 
which is most likely due to molecular weight reduction 
associated with grafting side effect. This result is in 
accordance with many previous research works [24, 
25]. 

The reduced molecular weight of grafted PLA might 
be caused during grafting, where the anhydride groups 
of maleic anhydride facilitates the hydrolysis of PLA 
through chain scission [26, 27]. Figure 4c also shows 
that the storage modulus of PLA-g-MA is lower than 
that of neat PLA as well as extruded PLA, confirming 
the lower molecular weight of PLA-g-MA, meaning less 
energy is required to break or loosen the comparatively 
less entangled chains. 

4.3. Results of Shear Viscosity Measurement for 
TPS_TA and Blend Polymers 

Rheology measurement of neat TPS was not 
possible due to very high viscosity, hence only TPS_TA 
and the blend compounds are used for rheology 
analysis. 

Figure 5 shows the shear viscosity as a function of 
shear rate for different compounds measured at 
various temperatures. As we can see from Figure 5a, b 

the shear viscosities of compounds decreased as the 
shear rate and temperature increased. The TPS_TA 
compound shows shear thinning or pseudoplastic flow 
which is characteristic of non-Newtonian fluids [40], 
where the shear viscosity decreases with increasing 
shear rate. It exhibited high sensitivity to shear stress, 
as can be seen by a sharp drop of viscosity with only a 
small variation in shear rate. The TPS_TA does not 
exhibit any viscoelastic plateau in the investigated 
shear rate range and is highly shear thinning. This is 
typical of branched or highly entangled polymer melts 
[41] confirming the highly entangled network structures 
of amylopectin and amylose along with lipids within the 
structure of starch. At higher temperature the shear 
viscosity is getting lower, maybe due to more starch 
crystallites melting at higher temperatures and 
increased molecular chain mobility as a result of 
temperature in addition to thermal degradation which 
may reduce molecular weight. In addition, an increase 
in temperature leads to decreased molecular cohesion 
or intermolecular interactions. TPS can be considered 
as a homogeneous system composed of a hard elastic 
network and soft amorphous regions. Amylose complex 
crystallites, highly entangled starch molecules, poorly 
plasticized starch-rich sites, or a combination of them 
could compose the hard elastic network. Soft 
amorphous regions could be composed of well-
plasticized glycerol-rich starch [42]. 

 
Figure 4: Rheology characteristics of neat PLA, PLA-g-MA and extruded PLA measured at 170 °C. 
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The shear viscosity of TPS_TA is much higher as 
compared to neat PLA and blend compounds (Figure 
5a). According to Gonzalez et al. [42], TPS does not 
follow the Cox-Merz relation. Under dynamic oscillatory 
conditions, the viscosity measured at low frequencies 
may not accurately represent the viscosity observed 
during steady shear flow at higher shear rates, leading 
to discrepancies with the Cox-Merz rule. Instead the 
Carreau model would be appropriate for TPS and 
TPS/PLA blend viscosity behavior modelling [43]. 

The Carreau model can be described using the 
following equation: 

 
! =

!!

1+ "(# )2[ ] 1$n2
          (2) 

Where: ! shear viscosity, !° zero shear viscosity, λ 
relaxation time, γ shear rate, n rate index 

Table 4 shows the fitting parameters and values of 
the Carreau model for modified TPS and blend 
compounds analyzed. 

As we see from Table 4, the rate index (n) also 
referred to as power law index shows the smallest 
value (0.46) in the case of neat PLA which indicates 

that this compound has strong shear thinning behavior 
and is easier to process. Additionally, there is also a 
strong correlation (0.999) observed between the 
parameters confirming easy flow behavior and lower 
viscosity of this compound. As TPS_TA content 
increases, the rate index value increased gradually, 
confirming strong resistance to flow which might be due 
to more structured or networked molecular arrang-
ement, possibly due to a higher TPS_TA content [44]. 

As we see from Figure 5b, d shear viscosity of neat 
PLA and 10/72/18TA which stands for the blend 
10TPS_TA/72PLA/18PLA-g-MA as defined in Table 3 
follows a different behavior, i.e., characteristic 
Newtonian behavior with a viscoelastic plateau at a 
lower frequency. The shear viscosity does not drop 
immediately with increasing shear rate until it reaches a 
transition phase where the viscosity starts to drop with 
shear rate which is observed at all temperatures and 
may be caused by disentanglement of polymer chains 
during flow. 

The shear viscosity as a function of the shear rate 
was comparatively studied for blend compounds with 
different TPS_TA proportions. Figure 6 shows the 
comparison of shear viscosity for different blend 
proportions of TPS_TA in the blend compounds and a 

 
Figure 5: Effect of temperature on the shear viscosity of polymer compounds. 
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Carreau model fitted curve for the corresponding 
viscosity curves. As we see from the figure, the 
viscosity increases as TPS_TA content in the blend 
increases. 

 
Figure 6: Shear viscosity curve showing the effect of blend 
proportion on shear viscosity at 170 °C and the 
corresponding Carreau model fitted curve. 

The compounds 30/56/14TA and 40/48/12TA which 
represent 30TPS_TA/56PLA/12PLA-gMA and 
40TPS_TA/48PLA/12PLA-g-MA respectively, has 
higher viscosity as compared to neat PLA and 
10/72/18TA. These compounds exhibited non-
Newtonian shear thinning behavior with a sharp drop in 
viscosity at higher shear rates. The compounds with 
higher TPS content are highly sensitive to shear rate 
applied, as the viscosity starts to drop with a small 
shear force applied. The shear viscosity of 10/72/18TA 
is lower than that of neat PLA, also the shear thinning 
started later. This might be due to a reduction in 
molecular weight of 10/72/18TA and or polymer chain 
degradation during blending or plasticizer migration 
causing easy chain mobility in PLA. Polymers with 

higher molecular weight or broader molecular weight 
distribution generally exhibit shear thinning at lower 
shear rates [45] and this may also be a reason for the 
low tensile strength of melt spun fibers from this 
compound even though higher take-up speed was 
achieved. 

Figure 7a-d shows the effect of TA and PLA-g-MA 
on the shear viscosity of blends. As we see from Figure 
8a, b, the compatibilized and non- compatibilized 
blends with 40%, 30% and 10% TPS_TA content have 
different viscosity values. The viscosity of 
compatibilized blends 10/72/18TA, 30/56/14TA and 
40/48/12TA is lower than that of non-compatibilized 
blends 10TPS_TA/90PLA, 30TPS_TA/70PLA and 
40TPS_TA/60PLA respectively which are defined in 
Table 3, confirming that PLA-g-MA is distinctly 
influencing viscosity of the blends. The low viscosity of 
compatibilized blends is associated with better 
miscibility between TPS_TA and PLA. The better 
miscibility can be achieved by small microstructure 
formation leading to homogeneous distribution of blend 
components. This in turn may lead to a dominant PLA 
phase in the blend which then leads to dominance of 
the low viscosity of PLA as compared to TPS_TA. 

In Figure 7c, d the shear viscosity of blends with 
and without TA are compared. The addition of TA in 
TPS lowered the shear viscosity of blends but its effect 
is very minimal in case of uncompatibilized blend 
compounds (Figure 7c) as compared to the 
compatibilized blends (Figure 7d). This confirms the 
influence of compatibilization on the reduction of shear 
viscosity. The addition of TA improved the melt flow 
character of TPS more significantly as was observed in 
the MFR results. However, the influence of TA in case 
of blends is not significant, as only a slight reduction in 
viscosity was observed. This might be due to physical 
network formation between the blends which may 
reduce flow characteristics as compared to TPS_TA, in 
addition to the high possibility of plasticizer migration in 

Table 4: Fitting Parameters for Carreau Model for Melt Spinnable Blend Compounds, Shear Viscosity which is Shown 
in Figure 6 

Sample name Temperature °C Zero shear 
viscosity !˳ (Pa*s) 

Relaxation time 
λ(s) 

Rate index n Correlation 
coefficient R2 

10/72/18TA 170 993 0.0583 0.529 0.995 

30/56/14TA 170 44835 450 0.562 0.989 

40/48/12TA 170 68615 531 0.548 0.999 

PLA 170 2139 0.0369 0.46 0.999 

The Cox-Merz rule states that the shear-rate dependence of the steady-state viscosity equals the frequency dependence of the complex viscosity (Cox and 
Merz,1958), 28, 619-622. http://dx.doi.org/10.1002/pol.1958.1202811812). 
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case of blends as compared to the acid modified 
TPS_TA [46]. It may be derived from Figure 7d, that 
the significant reduction in shear viscosity 
of10/72/18TA when compared to 10/72/18TS is 
associated to with a coupling effect of TA in the blend 
[23, 31] confirming that TA also acts as a coupling 
agent aside from reducing the high viscosity of native 
starch. 

4.4. Results of Complex Viscosity (η*)  

Figure 8a, b shows the complex viscosity (η*) as 
function a of angular frequency (ω) for TPS_TA and 
10/72/18TA compounds at various temperatures. As 
we see from the complex viscosity curve, the viscosity 
decreases as temperature and angular frequency 
increase which is characteristic of non-Newtonian 
shear thinning behavior. Regarding the effect of TA 
modification, Figure 8d shows the complex viscosity of 
TA modified and unmodified blends. As we see from 
the figure, the TA modified and unmodified blends 
10TPS_TA/90PLA and 10TPS/90PLA show overlapped 
curves which indicates that there is no significant 
variation in the complex viscosity of these blends. 
However, the 30TPS_TA/70PLA and 30TPS/70PLA 
blends show that the TA modified one has a higher 
complex viscosity than the unmodified one, indicating a 

nucleating effect of TA promoting network structure 
between the blend components. 

In case of the blends, Figure 8c shows that neat 
PLA and 10/72/18TA exhibited characteristics of 
Newtonian behavior with a viscosity plateau at lower 
frequency, while 30/56/14TA and 40/48/12TA exhibited 
non-Newtonian shear thinning behavior in the entire 
frequency range. The complex viscosity of 10/72/18TA 
when compared to neat PLA and other blends is the 
lowest. The low viscosity of 10/72/18TA as compared 
to neat PLA may be due to migration of plasticizer from 
a TPS_TA dispersed phase into the PLA matrix, 
lubricating PLA chains, increasing chain mobility and 
reducing the complex viscosity [48]. 

Additionally, Figure 8d shows that compatibilized 
blends 10/72/18TA and 30/56/14TA have lower com-
plex viscosity as compared to the non-compatibilized 
blends 10TPS_TA/90PLA and 30TPS_TA/70PLA. This 
indicates that compatibilization with PLA-g-MA is 
distinctly influencing the viscosity of the blend 
polymers. The reduced viscosity may be related to a 
better miscibility of TPS_TA and PLA, resulting in a 
small microstructure phase in which PLA dominates the 
rheological properties. 

 
Figure 7: Effect of TA and PLA-g-MA on shear viscosity of blend polymers. 
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4.5. Results of Storage Modulus and Loss Modulus 
(G` and G``) Measurements 

The viscoelastic characteristics of TPS_TA, neat 
PLA and TPS_TA/PLA blends are studied. Figure 9 
shows the storage modulus (G`) and loss modulus 
(G``) of TPS_TA at various temperatures. According to 
previous research works, TPS has been found to 
display a gel-like viscoelastic behavior [42]. Such 
rheological behavior has been related to the formation 
of a crystalline elastic network produced by the 
complexation of amylose molecules with lipid and 
physical entanglement of starch chains caused by its 
very high molecular weight. As we can see from the 
curve, the storage modulus (G`) (also called elastic 
modulus) and loss modulus (G``) (also called viscous 
modulus) have higher values at 170 °C. At this 
temperature the storage modulus is at a higher value 
than the loss modulus indicating that the material is in a 
solid like (elastic) state within the entire frequency 
range with no crossover point. 

Additionally, from Figure 9, at 160 °C the storage 
modulus dominates at lower shear rates indicating that 
the material is in a solid like state at lower shear rates. 
As the shear rate increases, there comes a crossover 
point which is the transition point for materials from a 
solid like state to viscous/liquid like state where the loss 
and storage modulus have equal values. After the 
crossover point the loss modulus dominates, indicating 

that the material is at a liquid like or viscous state at 
higher shear rates. This results because the stored 
elastic stress relaxes through the rearrangement of the 
microstructure and transforms into viscous stress. This 
might indicate a favorable range of temperature and 
shear for processing this compound. 

 
Figure 9: Comparison of storage/loss modulus of TPS_TA at 
different temperatures. 

Figure 10 shows the comparison of storage/loss 
modulus as a function of angular frequency for 
TPS_TA and PLA at 170 °C. As we see from the figure, 

 
Figure 8: Effect of temperature, blend proportion, TA addition and compatibilization on complex viscosity. 
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the slope of the PLA storage modulus (G') is relatively 
steep at lower frequencies and flattens out at higher 
frequencies. This indicates that PLA is relatively rigid 
and has a strong elastic response at low frequencies. 
As the angular frequency increases, the material still 
shows elasticity but to a lower degree. Further 
comparison of the curve slopes shows that the storage 
modulus (G') of TPS_TA has a less steep slope 
compared to that of neat PLA, indicating reduced 
stiffness. A comparison of loss modulus curves shows 
that the loss modulus (G'') for PLA exhibits a relatively 
moderate increase with increasing frequency, 
indicating that PLA has some viscous behavior, but 
which is not as dominant as its elastic behavior. The 
loss modulus (G'') for TPS_TA increases more steeply 
with increasing frequency as compared to neat PLA, 
suggesting that TPS_TA has a higher energy 
dissipation (viscous behavior). 

Further, for neat PLA the loss modulus (G``) is 
higher over the entire range of angular frequency, 
indicating that neat PLA is at a viscous or liquid like 
state throughout the entire range with a crossover point 
at the end of applied angular frequency which indicates 
the material becomes elastic as we further increase the 
angular frequency. However, in case of TPS_TA, the 
storage modulus (G`) dominates over the loss modulus 
(G``) over the entire range of angular frequency 
indicating that TPS_TA remains solid like or elastic at 
this particular temperature throughout the entire range 
of angular frequency studied. 

 
Figure 10: Comparison of storage modulus and loss modulus 
of TPS_TA and PLA at 170 °C. 

Figure 11 shows the effect of blend proportions on 
storage modulus (G`) and loss modulus (G``) of blend 
polymers. As we see from the figure, generally the 
modulus value increased proportionally to the angular 
frequency. This behavior is typical in thermoplastics, 
because energy input is required to increase the 
mobility of polymeric chains [17].  

Further, the storage and loss modulus values 
increased as TPS_TA content increased in the blend. 
At higher TPS_TA contents, two crossover points were 
observed within the given frequency range for 
30/56/14TA and 40/48/12TA. However, in the case of 
10/72/18TA (G``) is dominating throughout the entire 
frequency range indicating that the material is at a 
viscous state. With 30/56/14TA and 40/48/12TA, the 
(G`) dominates at lower frequency and a crossover 
point where G`= G`` comes at frequency of about 10 
rad/s, indicating a transition phase from elastic to 
viscous behavior and this viscous phase dominated for 
some range of frequency and turns again to elastic 
behavior after the second crossover point that occurs 
at about 160 rad/s indicating dominance of an elastic 
phase at higher frequencies. At frequencies below the 
first crossover point, the polymer can have a strong 
network of starch associated with higher TPS_TA 
content in the blend and there is no possibility of chain 
relaxation. However, as the frequency increases, the 
polymer chains get the possibility to relax and start to 
exhibit viscous characteristics. 

 
Figure 11: Comparisons of storage/loss modulus for different 
blend proportions. 

The occurrence of two crossover points (G’ = G’’) at 
different frequencies within the studied range may 
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indicate the change in molecular weight, while the 
crossover point change at different moduli indicates a 
variation in molecular weight distribution [49]. The 
lower the frequency of crossover, the higher the 
molecular mass [50]. On the other hand, two factors 
affect the G`: (1) the number of oriented chain 
segments will increase as the shear rate increases 
and, (2) simultaneously, the oriented chain segments 
will have less time for disorientation. Therefore, at high 
frequencies, entangled chains have a short time to 
relax and increase the amount of storage modulus [51]. 
At frequencies higher than the crossover point, the 
material is unable to relax sufficiently quicky within the 
timescale of the applied oscillations and exhibits 
significant elastic behavior (G' dominates over G"). 
Conversely, at lower frequencies, the relaxation 
behavior is faster than the applied oscillations and the 
material exhibits viscous characteristics [40]. 

The effect of TA and the PLA-g-MA compatibilizer 
on blends is given in Figure 12. 

 
Figure 12: Effect of TA addition and compatibilization on 
storage modulus. 

The addition of compatibilizer PLA-g-MA in the 
blends resulted in a reduced (G`) as can be seen for 
30/56/14TA and 10/72/18TA compared to the non-
compatibilized blends of the same blend proportion. 
This is because the PLA-g-MA compatibilizer promotes 
the bridging and entanglement of TPS and PLA chains 
in the blend [52]. Consequently, it helped with recovery 
of the deformation during shearing and hence reduced 
the storage modulus. Moreover, since the shearing 
deformation of TPS chains was easier to recover, it 

would inherently dissipate less energy and reduces the 
G``. Comparison of blends prepared from unmodified 
or neat TPS and TPS modified with TA shows that the 
neat blends have a slightly lower G` as seen in the 
case of 30TPS/70PLA and no change in storage 
modulus in the case of 10TPS/90PLA. The slightly 
lowered G` may be related to TA acting as a coupling 
agent improving miscibility between TPS and PLA, 
raising the role of TPS in the blend and causing higher 
G` in the blends because of better TPS_TA dispersion 
within the blends. In other words, in case of the 
unmodified TPS, i.e., neat TPS/PLA blends, the PLA 
phase is dominating due to relatively poor miscibility 
between the blend partners and hence exhibiting a 
lower G` as compared to the blends with TPS_TA. 

4.6. Results of Structural Characterization 

Fourier transform infrared spectroscopy (FTIR) is 
utilized to characterize the variations in functional 
groups of native starch during thermoplasticization 
(TPS), TA modification (TPS-TA) and during melt 
blending with PLA. Figure 13 shows the FTIR spectra 
for native starch, TPS, TPS_TA and neat PLA. As we 
see from Figure 13a native starch has a characteristic 
broad peak at 3281 cm−1 related to O-H stretching, this 
peak shifted to a higher value of 3287 cm−1 in case of 
TPS, indicating weakening of the strong hydrogen 
bonds and/or glycosidic bonds between starch chains 
as a lower wave number indicates stronger interaction 
[37, 38] due to starch granular destruction during 
extrusion in the presence of a plasticizer. During the 
processing, granular starch is de-structured and 
plasticized, but it is also partially depolymerized and 
transformed into a semi-crystalline structures in a 
molecular network stabilized by hydrogen bonding 
between itself and the plasticizers [54]. 

Another new high intensity peak in TPS, found at 
1016 cm−1 corresponds to the newly formed hydrogen 
bonds between the plasticizer glycerol and the C−O 
group of native starch or deformation of C−O glucose 
rings. Similar results have been observed by previous 
research works [52, 53]. The O-H peak was further 
shifted to a higher wave number of 3300 cm−1 in the 
case of TPS_TA confirming further destruction or 
weakening of more hydrogen bonds due to acid 
hydrolysis action of tartaric acid which is confirmed by 
rheology measurements with high melt flow and 
reduced viscosity. Thermoplastic starch is in a 
gelatinization state with significant volume expansion 
and results in improving the acid hydrolysis degree by 
[H+]. Thus, starch glycosides bond rupture happens 
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within chains leading to glycosidic linkage cleavage 
and hence reduced molecular weight. Additionally 
glycosidic linkage rupture may for more free -OH 
groups that leads to higher -OH stretching peak wave 
number. However, the expected C=O functional groups 
from acid hydrolysis at a wave number range of 1735 – 
1745 cm−1 are not observed in the analysis which may 
be due the low TA content of 0.5%w/w in the TPS_TA. 
According to Zhang et al. [47], who analyzed different 
contents of TA in TPS, the acid functional groups were 
not detected by FTIR analysis with low TA content, 
even though there was a significant reduction in 
molecular weight of the analyzed compound. 

The FTIR spectra of neat PLA revealed a 
characteristic absorption peak at 1747 cm−1 which was 
not found in native starch, TPS or TPS_TA. This peak 
is associated with carbonyl C=O stretching, whereas 
the bands at 1180, 1082, and 1043 cm−1 correspond to 
the C−O−C stretching vibration of PLA ester groups 
[57]. 

Figure 14 shows the comparison of FTIR spectra for 
compounds with different TPS_TA content which are 
used in melt spinning. As we can see from the figure, 
most of the blend compounds exhibited the presence of 

O-H stretching functional groups associated with TPS, 
and carbonyl stretching functional groups at a peak of 
about 1747 cm−1 associated with the PLA phase. 
However, the blend compound 10/72/18TA does not 
exhibit the O-H stretching functional groups clearly, 
which may be due to fine distribution of TPS_TA within 
the blend as it is a minor component. In addition, in the 
case of blends, the O-H functional group shows 

 
Figure 13: FTIR spectra for native starch, neat TPS, TPS_TA and neat PLA. 

 
Figure 14: Comparison of the effect of blend proportion on 
FTIR spectra. 
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different peak intensities based on TPS_TA content. 
The peak intensity increased as TPS_TA content 
increased. At a lower TPS_TA content, the peaks are 
very similar to that of neat PLA. Neat PLA does not 
exhibit a O-H peak while it shows small intensity peaks 
at about 2994 cm−1 and 2944 cm−1 associated with C-H 
stretching and a high intensity peak at 1747 cm−1 
associated with the carbonyl functional groups C=O 
stretching. 

Figure 15 shows the effect of TA and compatibilizer 
on the FTIR spectra of blend polymers. In Figure 15a, 
c, the spectra of 10TPS/90PLA and 30TPS/70PLA with 
and without TA modification is compared. Generally, 
we can see that the O-H peak intensity in 30TPS/ 
70PLA blends is higher as compared to10TPS/90PLA 
blends regardless of TA modification or compatibili-
zation. From the figure it is also clear that the intensity 
of the O-H peak in TA modified blends is higher than 
the one in those without modification which show better 
interaction of TPS_TA with PLA in the blends forming 
additional O-H groups. This might be due to a coupling 
effect of TA which is in agreement with rheology 
results. 

In Figure 15b, d the spectra of compatibilized 
blends 10/72/18TS and 10/72/18TA, 30/56/14TS and 
30/56/14TA are compared. As can be derived from the 

spectra, the compatibilized blend with TA modification 
(10/72/18TA) shows a very low intensity O-H peak as 
compared to the unmodified blend 10/72/18TS 
indicating much better miscibility between TPS_TA and 
PLA, hence the FTIR spectra shown is similar to that of 
neat PLA with a PLA phase dominance in the blend. 
This also confirms the coupling effect of TA aside from 
the compatibilizing effect of PLA-g-MA present in both 
cases. 30/56/14TA shows a slightly lower O-H peak 
intensity as compared to 30/56/14TS which again 
shows a relatively better miscibility between TPS_TA 
and PLA, revealing the dominance of the PLA phase. 

4.7. Results of Melt Spinning Trials 

Melt spinning trials on the piston type monofilament 
spinning device were done with the following polymer 
compounds: 10/72/18TA, 30/56/14TA, 40/48/12TA and 
neat PLA. The selection was based on spinnability 
trials performed on non-standard filament makers’ 
devices, which found that the compatibilized blends 
were better spinnable. Table 5 shows the parameters 
used for melt spinning along with maximum take-up 
speed achieved, and diameter of the melt spun fibers 
at different take-up speeds. As we see from the table, 
maximum take-up speeds of 300 m/min, 700 m/min 
and 2000 m/min were achieved for blends with 
40%w/w, 30%w/w and 10%w/w TPS_TA content, 

 
Figure 15: Comparison of FTIR spectra for compatibilized/uncompatibilized and TA modified/unmodified blends. 
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respectively. The diameter of the melt spun fibers was 
found vary based on take-up speed at constant 
temperature and throughput rate, with diameters 
increasing as take up-speed decreases. The diameters 
of fibers melt spun from blends with higher TPS_TA 
concentration was found to be coarser regardless of 
take-up speed used.  

Figure 16 shows images from melt spun fibers 
produced via the piston type monofilament fiber melt 
spinning device. As we see in Figure 16a, melt spun 
fibers from 40-48-12TA, containing 40%w/w TPS_TA, 
show good appearance with a coarser surface 
resembling commercial cellulosic fibers. This opens the 
possibility of melt spinning fibers from TPS/PLA blends 
with even higher TPS content. Pressure during melt 
spinning was found to be good with values in between 
40–50 bar compared to literature values However, 
during filament melt spinning, heavy smoke was 
observed as a result of the plasticizer glycerol 
evaporating which was observed by other researchers 
as well during TPS based film extrusion [58]. The 
higher TPS content in this blend may have resulted in 
more glycerol vapor formation during melt spinning. 
Furthermore, the polymer melt emerges inhomo-
geneously and the filament diameter was observed to 
vary which may be due to the high content of starch in 
this blend resulting in a different morphology in the 
blend and affecting polymer melt flow behavior. The 
melt spun fibers from 30/56/14TA containing 30%w/w 
TPS_TA show a similar appearance to commercial 
synthetic fibers with a finer surface diameter. The 
pressure during melt spinning was better with a value 
of 30 bar and the melt emerged homogeneously at low 
winding speed but as the speed increases, 
inhomogeneity developed. There was clear smoke 
developed in this case as well, however the smoke was 
less as compared to the blend with 40% TPS_TA. The 
fibers with 10%w/w TPS_TA were closely similar in 

appearance to those of neat PLA but whiter in color 
since the neat PLA fibers were observed to be 
colorless and transparent. The pressure was normal, 
and no smoke was observed during melt spinning, 
higher winding speed was also achieved showing more 
successful melt spinning of fibers from this compound 
which will diversify the application areas of the melt 
spun fibers.  

4.8. Results of DSC Characterization of Melt Spun 
Fibers 

Changes in the thermal properties (Tg and Tm) and 
the crystallinity of the polymer chains due to processing 
conditions were determined using a differential 
scanning calorimeter (DSC).  

Figure 17a-d shows the DSC second heating 
curves for melt spun fibers prepared using different 
take-up speeds. As we see in Figure 17a, the DSC 
curve for 10/72/18TA shows a Tg of 60.4 °C, further-
more at lower take-up speed the fibers clearly exhibit 
two melting peaks at a temperature of 155 °C and 161 
°C. This is attributed to two forms of crystal formation in 
the PLA phase. The crystallization peak occurred at a 
temperature of 112 °C and the polymer has a 
calculated percentage crystallinity of 1.74%. At higher 
take-up speed the glass transition and melting 
temperature increases and crystallization remains the 
same which is associated to greater crystal formation 
as a result of increased molecular orientation at higher 
take-up speed, this can increase the melting tem-
perature, as more energy is needed to melt the crystals 
[59]. In the case of 40/48/12TA, at all take-up speeds, 
the polymer shows two clear melting peaks. The glass 
transition and melting peak values are similar at lower 
take-up speed. But at a higher take-up speed of 300 
m/min, the crystallization peak was shifted to a lower 
value. 

Table 5: Diameter of Melt Spun Fibers along with Process Parameters and Maximum Take-Up Speed Achieved 

Blend proportion Designation Through put rate 
(cm3/min) 

Temperature 
used (°C) 

Maximum take up speed 
(V) achieved (m/min) 

Fiber diameter (µm) at 
different V 

40TPS_TA/48PLA/12 
PLA-g-MA 

40/48/12TA 0.785 180 300 V300=46 
V100 =92 

30TPS_TA/56PLA/14 
PLA-g-MA 

30/56/14TA 0.785 180 700 V700=13 
V100=85 

10TPS_TA/72PLA/18 
PLA-g-MA 

10/72/18TA 0.785 180 2000 v200=12 
V100=84 

PLALX530 PLA 0.785 180 2000+ V200=12 
V100=83 
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Figure 16: Images of melt spun fibers from different blend compounds and neat PLA. 

 

 
Figure 17: Effect of take-up speed and blend proportion on thermal transition. 

With regard to blend proportion, as we see in Figure 
17d, the addition of TPS_TA resulted in the occurrence 
of a crystallization peak which was not observed on 
neat PLA this may be attributed to a nucleating effect of 
TSP or plasticizer migration from TPS to the PLA 

phase initiating molecular chain mobility and facilitating 
crystallization [60]. As blend proportions of TPS_TA 
change from 10%w/w to 40%w/w, the peak intensity 
changed slightly and there are double melting peaks in 
the case of 10% and 40% TPS_TA content which might 
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be associated wth orientation of polymer chains during 
melt spinning leading to formation of imperfect crystals 
that may melt at different temperatures [54, 55]. 
However, there is only a single melting peak in the 
case of 30%w/w TPS_TA content which may indicate 
reduced phase separation and better miscibility of this 
blend. 

The DSC parameters for melt spun fibers are given 
in Table 6. As we see from the values in Table 6, the 
percentage crystallinity of melt spun fibers is less than 
10% in all cases which may be caused by the 
amorphous nature of the PLA used in this study, in 
addition to the amorphous nature of TPS_TA. The 
addition of TPS_TA increased the crystallinity of PLA 
as compared to neat PLA. As we see from the table 
values, most of the compounds exhibited two melting 
peaks (Tm) regardless of blend proportion and take-up 
speed used, which might be attributed to the 
development of new forms of crystals that can melt at 
different temperatures which results from process 
induced crystallization during melt spinning [63]. 

As we see in the table, Tg shifted from 60.4 °C to 
about 62 °C as take upspeed increases from 100 
m/min to 300 m/min in case of 10/72/18TA which may 
be attributed to increased molecular orientation as a 
result of higher take-up speed, though the change in Tg 

is small which we associated to less structural 
arrangement and molecular orientation during take. 
The increased molecular orientation makes polymer 
chains align in specific directions which may restrict 
polymer chain mobility; as a result Tg increases 
because more energy is required to achieve segmental 
motion [64]. In case of blends with higher TPS_TA 
content there is no shift in Tg value as take-up speed 
increases from 100 m/min to 300 m/min which might be 
attributed to a higher TPS_TA content forming network 
structures and limiting molecular chain mobility which in 
turn can raise the Tg value regardless of take-up 
speed. This shows that the adhesion between phases 
which results from interfacial interaction between 
phases is higher than the stretching force applied 
during take-up which is expected to give molecular 
mobility [55, 58]. In another case, the Tg increased from 
60.4 °C to 63 °C for a given take-up speed as TPS_TA 
content increase from 10% to 40% which may be 
attributed to the formation of a more rigid amorphous 
TPS phase in case of higher TPS_TA content that may 
limit overall mobility of polymer chains resulting in 
higher Tg [66]. 

4.9. Results of Tensile Strength of Fibers 

Table 8 shows the results of tensile strength 
measurement for some of the melt spun fibers. As we 

Table 6: DSC Results of Melt Spun Fibers  

Compound name Tg Tm1 Tm2 Tcc Xc% ∆Hm ∆Hc 

Comparison of different blend proportions at take up speed of 100m/min 

10/72/18TA 60.4 155 161 112 1.75 34.83 33.7 

30/56/14TA 62 157 - 115 1.55 27.11 26.32 

40/48/12TA 63 161 156 110 0.73 22.39 20.978 

PLA 63 161 - - - - - 

Comparison of different take up speed v(m/min)   

10/72/18TAV100 60.4 155 161 112 1.74 34.83 33.7 

10/72/18TAv200 61 157 162 113 3.52 34.98 32.03 

10/72/18TAv300 62 157 161 113 3.7 35.39 32.27 

10/72/18TAv2000 62 157 163 112 6.4 35.75 30.35 

30/56/14TAv100 62 157 - 115 1.55 27.11 26.32 

30/56/14TAv200 62 156 161 114 3.48 28.86 26.59 

30/56/14TAv300 62 157  - 115 4.94 28.35 25.13 

30/56/14TAv700 62 156 161 114 6.27 28.27 24.18 

40/48/12TAv100 63 156 162 110 0.73 23.03 22.62 

40/48/12TAV200 62 156 161 110 3.7 22.75 20.65 

40/48/12TAv300 62 155 161 108 3.52 23.035 21.056 



Rheological, Structural and Melt Spinnability Study on Thermoplastic Journal of Research Updates in Polymer Science, 2024 Vol. 13      205 

can see, the tensile strength and elongation at break 
vary as take-up speed varies and average linear 
density of fibers decreased as take up speed 
increases. 

The tensile strength of fibers increased as take-up 
speed increases even though it does not follow a 
uniform trend due to non-uniformity of the melt spun 
fibers surface diameter. The increased tensile strength 
with increased take-up speed has also been observed 
by previous researchers [67]. The tensile strength of 
fibers is reduced as TPS_TA content increases, also 
linear density of the fibers increased as TPS_TA 
content increases.  

Figure 18 shows a diagrammatic illustration of the 
tensile strength and elongation at break of melt spun 
fiber from different compounds using varying take-up 
speeds. As we see from the figure, the elongation at 
break incerases as TPS_TA content increases, 
however it does not follow a uniform trend due to non-
uniformity on fiber surface. The tensile strength of melt 
spun fibers decreases as TPS_TA content increases in 
the blend. The variation on tensile strength as blend 
proportion changes was analyzed using ANOVA 
analysis which revealed that there is significant 
variation in tensile strength with a p value of 0.01 which 
is less than 0.05 at 95% confidence limit, confirming 
significance of the variation. 

4.9. Results of Microscopic Images of Melt Spun 
Fibers 

Longitudinal images of melt spun fibers from 
different samples are shown in Figure 19. As we see 
from Figure 19a the melt spun fibers from 10/72/18TA 

have a uniform and smooth surface with a nearly 
colorless appearance, while fiber from neat PLA 
(Figure 19d) have a very smooth and uniform surface 
with a colorless appearance and a relatively finer 
surface diameter. The melt spun fibers from 
40/48/12TA (Figure 19c) have a coarser surface with 
white color and with a lot of bids or non-uniformities on 
the fiber surface. As also observed in the rheology 
results, the viscosity of this blend compound was 
higher which is contributing to the coarser surface of 
the fiber. When the viscosity of the polymer blend is 
increased, the resistance to flow during extrusion also 
increases which can lead to thicker fibers. Generally, 
as TPS_TA content increases, the fibers are getting a 

Table 7: Tensile Properties of Melt Spun Fibers 

Compound name Take up speed 
(m/min) 

Average tensile 
strength (cN/tex) 

Average elongation at 
break (%) 

Average fiber linear 
density (Tex) 

Neat PLA 100 
200 

4.61 
5.63 

2.34 
2.93 

4.61 
4.17 

10TPS_TA/72PLA/18PLA-g-MA 50 
100 
200 

3.57 
3.48 
3.74 

3.78 
3.64 
2.32 

16.62 
8.50 
4.39 

30TPS_TA/56PLA/14PLA-g-MA 50 
100 
200 

2.87 
3.4 
2.36 

2.01 
8.3 
10.8 

15.10 
9.38 
9.39 

40TPS_TA/48PLA/12PLA-g-MA 50 
100 
200 
50 

1.43 
- 

1.83 
1.92 

4.1 
4.1 
4.2 
5.9 

20.73 
14.1- 
11.80 
15.1 

 
Figure 18: Comparison of tensile strength and elongation at 
break for different samples at various take-up speed. 
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coarser surface and whiter color with increased non-
uniformity as seen in the microscopic images. 

4. CONCLUSION  

The study shows the possibility of further modifying 
thermoplastic starch to improve some of its properties 
particularly its melt flow character, which is the major 
challenge in industrial application of starch due to its 
very high viscosity. Thermoplastic starch modification 
with tartaric acid during its thermal extrusion 
significantly reduced its melt flow character as well as 
its shear viscosity. This modification also improved the 
rheological characteristics such as shear viscosity, 
complex viscosity, storage modulus and loss modulus 
of blend compounds. Significant variation in melt flow 
characteristics of modified and unmodified TPS as well 
as blends was observed for all blend ratios as 
evidenced by ANOVA analysis with a p value being 
less than 0.05 at 95% confidence level. In another way, 
as TPS_TA content increased in the blends, shear 
viscosity, complex viscosity, storage modulus (G`) and 
loss modulus (G``) gets higher and also two crossover 
points were observed in the higher and lower angular 
frequencies as TPS_TA content increases but in 
blends with lower TPS_TA content and in neat PLA, 
loss modulus (G``) dominates at lower angular 
frequencies with a transition point coming at the end of 

the applied angular frequency range. In case of neat 
TPS_TA the storage modulus (G`) dominates over loss 
modulus (G``) throughout the entire range of angular 
frequency. The study also shows that the compatibilizer 
(PLA-g-MA) used during melt blending improved the 
properties of blends as can be seen from overall 
analysis and the melt spinnability study as successful 
melt spinning was achieved from compounds that are 
prepared from compatibilized blends. Structural 
analysis shows –OH peak shifting and peak intensity 
changes associated to tartaric acid modification and 
compatibilization of blends as evidenced by FTIR 
analysis. From the study it is evidenced that successful 
melt spinning of biopolymer fibers from the TPS/PLA 
blends, even with higher TPS contents 40%w/w and 
above is possible. The melt spun fibers have a 
diameter in a range of 12.0 – 124.0 µm and nice 
appearance with white color resembling cellulosic 
fibers. DSC analysis of melt spun fibers shows that the 
glass transition Tg shifted to higher values as take-up 
speed increases which is attributed to increased 
molecular orientation. In case of blends with higher 
TPS_TA content the Tg value gets higher and there is 
no shift in Tg value regardless of take-up speed which 
might indicate that higher contents of TPS_TA forms 
network structures and limits molecular chain mobility 
which in turn can raise the Tg value or it may indicate 

 
Figure 19: Optical microscope images of melt spun fibers. 
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the formation of more rigid amorphous TPS phase in 
the blend as a result of higher TPS_TA content. The Tm 

values show double melting peaks in the case of most 
of the melt spun fibers which might be attributed to the 
development of new forms of crystals as a result of 
process induced crystallization during fiber take-up. 
Tensile properties of melt spun fibers are relatively low 
as compared to neat PLA fibers, however they can be 
recommended for areas of applications that do not 
need more stress. The fibers can also give an advan-
tage of biocompatibility and enhanced biodegradability. 
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