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INVESTIGATION OF SOY PROTEIN BLENDS PREPARED BY SIMULTANEOUS
PLASTICIZATION AND MIXING
Abstract

by Feng Chen, Ph.D.
Washington State University
May 2010

Chair: Jinwen Zhang
In this research, plasticization and mixing of soy protein concentrate (SPC) with poly(butylene
adipate-co-terephthalate) (PBAT) were carried out simultaneously in a single-step compounding
process. The effects of water content in SPC prior to compounding and SPC loading level on the
plastic behavior of SPC were investigated. Compatibilizer was found to be indispensible to
achieve high performance blends and displayed great influence on SPC phase morphology in
blends. The influences of these three factors on the phase structure of PBAT/SPC blends and the
structure-property relationship were investigated in detail. Critical water content in precompounding SPC and SPC loading level for the formation of percolated SPC structure were
revealed.
In the compatibilized blend system, the plastic deformation of SPC was determined by the
deformability which was controlled by plasticization of SP and shear stress exerted on SP which
was controlled by SPC loading level in this study. One of the important advantages of processing
SPC as plastic is that the SPC particles can be turned into elongated filaments which require
smaller maximum packing density for the formation of percolated structure. The blends with
SPC percolated structure displayed overall superior mechanical and physical properties
iv

compared with the blends consisting of ordinary particulate SPC filler.
At a given concentration, the interconnectivity of the SPC domains was directly determined
by the aspect ratio of the SPC particles. The formation of full percolated structure depended on
both SPC aspect ratio and SPC loading level. Quantitative analysis of the filler aspect ratio was
also performed in this research. Detailed phase morphology of the blends was revealed by
transmission electron microscopy (TEM), atomic force microscopy (AFM) and scanning electron
microscopy (SEM). Study of dynamic rheology also confirmed the percolated network structure.
Interestingly, a correlation between SPC loading level and water content in pre-compounding
SPC existed and its influence in SPC phase structure and properties of the resultant blends were
studied. Tensile and dynamic mechanical properties were greatly improved for those blends with
superior percolated structures. Impact toughness and thermal properties of PBAT/SPC blends
were also characterized. The molecular weight change of PBAT in blends and influence of
processing on SP solubility were examined.
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Abbreviation
SP

Soy Protein

SPC

Soy Protein Concentrate

SM

Soy Meal

PBAT

Poly(butylene adipate-co-terephthalate)

PLA

Poly(lactic acid)

PBAT-g-MA

Poly(butylene adipate-co-terephthalate)-g-Maleic Anhydride

FE SEM

Field Emission Scanning Electron Microscopy

TEM

Transmission Electron Microscopy

DMA

Dynamic Mechanical Analysis

DSC

Differential Scanning Calorimetry

GPC

Gel Permeation Chromatography

PBAT/X%SPC-Y%H2O

X denotes the weight percentage of SPC in the blends and Y

the water content in pre-compounding SPC

Chapter 1

Introduction

1.1 Disadvantage of petroleum plastic
The polymer and plastics industry is an important sector in our society, not only in its own
right, but also because many industries and technologies are made possible by the use of polymer
materials. Since the advent of synthetic polymer in the early 20th century, polymer and plastic
products have greatly facilitated our daily life and become ubiquitous in the world. The demand
for polymers and plastics is huge and has continuously increased all the time. Global plastics
consumption was over 350 billion pounds in 2003, and was forecasted to grow at over 5%
annually to reach over 500 billion pounds by the end of 2010 (researchandmarkets.com).
Because of the essential roles of polymer materials in our industries, sustainable development of
polymer materials is critical to the long-term vitality of our economy. However, today’s polymer
materials are almost entirely based on petroleum chemical feedstock. The positive impacts of
petroleum-based plastics on sustainability and development of modern society are seriously
compromised by their negative impacts. Firstly, the feedstock of modern polymers and plastics,
i.e. fossil carbons, is not renewable and is depleting fast. Secondly, the production of
petroleum-based polymers also brings a host of issues, such as high energy consumption,
destruction of wildlife habitat, and volatile organic pollutants from the production process.
Thirdly, the food packaging made from petroleum-based plastics has potential hazards to human
health. These containers often leach component chemicals, including hazardous chemicals,
through common temperature changes, and the chemicals will release from plastics as time goes
by. Last, but not the least, petroleum-based plastics leave ineffaceable environment footprint
after their usage. Recycling could be a solution for recyclable plastic products; however,
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insufficient public awareness and infrastructure limit its effectiveness. In the famous film
Addicted to Plastic, directed by Ian Connacher, the going of plastic after being used has been
revealed (greenmuze.com). A small portion ends up in landfills, while the rest ends up in the
oceans. Larger plastic pieces collect lots of marine life - like barnacles and crabs - which can be
transported to foreign waters causing biotic mixing. What's worse, sunlight and waves break up
plastic into smaller and smaller pieces that begin to resemble food for marine organisms. It is
well known that plastics repel water but also absorb nasty oils like pesticides and herbicides that
flow downstream from farms. The consumption of these plastic pieces by marine organisms as
food by mistake begins poison pills in the whole food chain. The short film Alphabet Soup
showed how plastics travel out to remote parts of the ocean and became adopted into the food
chain (greenmuze.com). Environmental research on plastics reported that every piece of plastic
that has ever been made, except a small amount that has been incinerated, still exists today.
These plastics also take up a lot of space in landfills and create air pollution when incinerated.
1.2 State-of-the-art biodegradable plastic
Bio-based plastics have received considerable interests for the past three decades due to the
emphasis on solid waste management and environmental concerns. Bio-based plastics
(bio-plastics) can be classified into three categories.


The first group consists of thermoplastic polymers totally derived from renewable
feedstock, such as poly(lactic acid) (PLA) and polyhydroxyalkanoates (PHAs).



The second group includes polymers partially derived from renewable feedstock, such as
polyurethanes based on plant oil-derived polyols and poly(trimethylene terephtthalate)
(SoronaTM, Dupont) based on the glycerol-derived 1-3-propane diol.

2



The third group is natural polymers used directly for plastics, such as starch and soy
protein.

Bio-plastic is still in its early stage of application, and so far PLA is the only one that is
commercially produced on a relatively sizable scale. Alternatively, a range of petroleum-based
biodegradable polyesters have been developed including polycaprolactone, poly(butylene
succinate) and copolymers, and poly(butylene adipate-co-terephthalate) (e.g. BASF’s EcoflexTM).
PBAT is an aliphatic-aromatic polyester with biodegradability, flexibility, high moisture
resistance and a broad processing window. PBAT exhibits high elongation but fairly low yield
stress and modulus. However, these biodegradable synthetic polymers are two to ten times more
expensive than petroleum-based non-plastics. It seems that only Ecoflex is available at an
attractive price level (<$2/lb). Hence there is an urgent need to investigate low cost, durable and
degradable plastics. Agricultural materials such as plant proteins, plant oils, starches, natural
fibers, cellulosics and lignocellulosics, and other polysaccharides are the important feedstock to
produce bioplastics due to their renewability, plenty and biodegradability. Currently, only
starches and proteins have received great attention in this application and are available in
affordable price. The use of plant polymers as biodegradable plastics is a promising approach yet
also a great challenge; some barriers still exist and need to be overcomed. Major differences
between petroleum-based polymers, synthetic biopolymers and agricultural polymers are listed
in Table 1.1 (Yang and Tang 2002). Traditional petroleum-based polymers have many
advantages compared with the other two polymers, such as high mechanical properties and water
resistance, low cost and large processing windows. However, they are non-biodegradable and
pose severe environmental problems. The state-of-the-art solutions for manufacturing
biodegradable plastics from agricultural polymers include: (1) chemically modifying the plant
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polymer powder and making the resultant article hydrophobic and with high mechanical
properties; (2) blending these low-priced plant polymer with synthetic biobased polymers to
reduce costs, and (3) improving the processing methods for neat plant polymers to reduce costs.
Table 1.1 Differences among petroleum-based polymers, synthetic biobased polymers and
polymers from renewable resources
Characters

Petroleum-based
polymers

Synthetic biobased polymers

Natural polymers

Strength
Water resistance
Life cycle
Price
Processibility
Degradability

+++++
+++++
+++++
+
++++
0

++++
++++
++
+++++
+++
+++

++
++
+
+
++
+++++

Starch is a carbohydrate consisting of glucose repeating unit mainly linked by
α-1,4-glycosidic bond. These molecules can form physical crosslinks and being gelated. Similar
to starch, soy protein (SP) can also gelate and form cross-linking structure; on the other hand, SP
has higher mechanical properties than starch due to the stronger molecular interactions, such as
–S-S- bond and the occurrence of crosslinking during processing. Hence, it is a promising plant
polymer to make biodegradable plastic. Bio-based plastic products from SP have many potential
applications, such as protective tubes for nursery trees, agricultural mulch films, plantable
flowerpots, garden cellpacks, compostable food trays, containers (e.g. clamshells and picnic
plates), flatware, thermal insulator, construction aid items and packaging. SP plastics also could
be used in biomedical applications, such as tissue scaffolding, implants and drug delivery (Vaz et
al 2005). However, some obstacles, such as water/moisture sensitivity, high melt viscosity,
narrow processing window, low flowability, low impact strength and brittleness, limit the
commercial application of neat SP-based plastics. For example, the water absorption of the
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extruded sheet in the immersion test could reach about 160% within 5 h and as high as 180% at
equilibrium (Zhang, Mungara, and Jane 2001). Due to these deficiencies, various solutions were
studied, for instance, different plasticizers were tried to improve the processability and ductility;
natural fibers were added to improve the mechanical strength of soy plastics, and SP was blended
with other biodegradable hydrophobic polymers to decrease the moisture sensitivity.

1.3 Soy protein
SP is mainly available in three grades, i.e. soy flour (SF), soy protein concentrate (SPC), and
soy protein isolate (SPI), containing ca. 50, 70, 90% protein, respectively. In this section, the
procedure of protein extraction and the chemical structure, thermal and mechanical properties of
SP as well as water resistance will be briefly introduced.
1.3.1. Protein extraction
After soybeans are crushed for oil, defatted soy meal (SM) was lefted as residue. In US,
approximate 68% of the soy meal is used as animal feed, the rest 32%, which is ca. 65 million
every year (Brown 2004), is further processed into food ingredients including soy flour (SF),
SPC and SPI as well as textured protein.
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Whole soy beans
Cleaning
Cracking
Dehulling
Conditioning at 70ºC
flaking
Soy oil

Hexane extraction
Defatted soy meal
Grinding

Soy whey

Defatted soy flour
aqueous extraction
pH 8 centrifugation
Soy protein concentrate

Soy whey

isoelectric (pH 4.5) precipitation
Soy protein isolate

Figure 1.1 Processing flow chart of various grades of soy protein-SM, SF, SPC, and SPI
(Renkema 2001).
Commercially available SP products include SPI, SPC, and SF. SF contains about 50 %
protein and about 34% carbohydrate. SPC could be obtained by removing soy whey (soluble
carbohydrate) from defatted SF; SPC contains more than 70% protein and about 18%
carbohydrate. With further precipitating at pH 4.5, SPI could be obtained; SPI consists of more
than 90% protein. SPC is more economically favorable than SPI. Figure 1.1 shows the flow chart
of soy product processing.
1.3.2 Chemical structure of soy protein
SP contains many subunits that are classified as globulins. The main amino acids are polar,
including both acidic and basic, and nonpolar (Yang and Tang 2002). Two major components of
the amino acids are glycinins (11S, ca. 52%) and β-conglycinins (7S, ca. 35%). Glycinin is made
up of six subunits. β-conglycinin is a trimer formed from various combinations of the three
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subunits (α, β and γ) with a molecular weight of about 192000 Da. Both 7S and 11S proteins
have quaternary structures with disulfide bonds binding polypeptide subunits together (Nielsen
1985). The molecular weights of the basic subunit and the acidic subunit are about 37000 and
20000 Da, respectively. Basic subunits have higher hydrophobic amino acid contents than acidic
subunits (Yang and Tang 2002).
Currently, the treatment of soy protein includes physical, chemical and enzymatic
modification, among which enzymatic methods are relatively expensive and complicated.
Physical modification mainly includes heat (Niwae et al 1988) and pressure (Kajiyama 1995).
Heat provides the protein with sufficient thermal energy to break hydrophobic interactions and
cause disassociation of the subunits (Niwae et al 1988). The disassociation and unfolding expose
the hydrophobic groups previously enclosed between the subunits or in the interior of the folded
molecules. SP is disassociated and coagulated at high pressure and shows large hydrophobic
regions and high viscosity (Kajiyama 1995). Chemical modification can alter the functional
properties of SP by modifying their molecular size, structure conformation, and distribution of
ionic charges. New functional groups or removal of component from the protein may be resulted
from the reactions caused by chemical treatment. Chemical methods include acetylation,
succinylation, phosphorylation, limited hydrolysis and specified amide bond hydrolysis (Yang
and Tang 2002). Gel-forming ability, which is a key property of SP to form plastic, could also be
increased by alkylation, phosphorylation and succinylation.

1.3.3 Thermal properties
Polymer goes through a number of phases during thermal processing-from glassy to rubbery
and to liquid flow as temperature increases which is called thermal transition (Sun, Kim, and Mo
1999). Different polymer structures have different thermal and flow-curing behaviors and result
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in different rheological properties at each thermal state. These melt rheological behaviors of
polymer are often used as processing windows to select correct processing approaches and
parameters. Temperature and pressure are two main parameters in plastic processing, and the
intermolecular strength of polymer is influenced significantly by processing temperature and
pressure employed.
SP is a pressure-sensitive thermoset polymer. Under both elevated temperature and pressure,
SP molecular chains tend to be unfolded, interacted and entangled with each other, hence SP
itself becomes paste-like. At atmospheric pressure, soy proteins with less than 20% plasticizers
still remain powder-like. However, SPs with higher plasticizer content (i.e. 80%) were cured into
films by casting method at atmospheric conditions (Mo and Sun 1997).
1.3.4 Mechanical properties
Since SP is temperature sensitive, the mechanical properties of SP article were significantly
affected by the processing temperature (Paetau et al 1994b) (Mo and Sun 1997) (Huang 1994).
The proteins were brittle and burnt under high curing temperature; if the temperature was too
low, the proteins remained uncured. SP plastics with 11.7% water content in pre-compounding
SPC had a tensile strength (TS) of 40MPa when the processing temperature is 140°C, whereas
the TS was 35MPa with 125°C molding temperature (Paetau et al 1994b). Jane et al (Jane et al
1993) reported that TS of SP plastic prepared by injection molding was 8.73 MPa and 5.39 MPa
with the second zone molding temperature fixed at 145°C and 150°C, respectively. Hence the
effect of processing temperature on the mechanical properties of SP plastic differs with the
processing method. The effect of molding temperature before, at, and after thermal transition
peaks on the mechanical properties and water absorption has also been studied (Kim et al.1997).
TS and Elongation (EL) of SP specimen have similar trends for changes with molding
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temperature. 11S-RG SP plastic has higher TS and EL values than 7S-RG. However, for both SP
plastics, TS and EL decreased at higher molding temperature, which could have been caused by
the thermal degradation of the protein by exposure to a temperature higher than its denaturation
temperature. The color of the molded plastic was white powder-like at molding temperature
(before the thermal transition), brown-transparent (at the thermal transition), and dark-brown
(after the thermal transition). Interestingly, the SP plastic with the mixture of 7S- and 11S-RG
had higher TS and EL values at molding temperature of 145°C than those from either 7S- or
11S-RG alone. The TS and EL values were about 39MPa and 4%, respectively. The reason could
be due to the interaction between 7S and 11S globulins during the molding process. Considering
that usual SP is the mixture of 7S and 11S, 145°C has been suggested as the optimum processing
temperature for SP plastics.
1.3.5 Water absorption
The hydrophilic amino acids of SP are buried inside the molecular structure but can be
exposed by heating or chemical modifications (Yang and Tang 2002). The water absorption of
neat SP plastic can reach about 200% with a few hours of water soaking (Zhang et al 2001). The
effective approaches to improve water resistance of SP plastic include using formaldehyde as
cross-link agent in the processing (Jane 1993) and increasing molding temperature until 175°C
(Kim 1997). The improved water resistance by increasing molding temperature could be
attributed to the effectiveness of higher molding temperature on unfolding protein molecules and
more entanglement (aggregation) and tighter packing during the molding process, which can
inhibit water absorption. However, at very high molding temperatures (e.g. 175°C), proteins
become thermally degraded. This degradation will destroy the protein structure, resulting in
smaller peptides that can absorb water more easily. Explanations of the improved water
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resistance with molding temperature have also been provided by other researchers from different
perspectives, which could be summarized as follows: 1) heat could provide the protein with
sufficient thermal energy to break the hydrophobic interactions and the disassociation of these
hydrophobic subunits favors the enhancement of water resistance (Niwae et al, 1988); 2). the
disassociation and unfolding of protein molecular chain during the heating process could expose
hydrophobic groups, previously embeded within the subunits or the folded molecules (Sorgentini
and Wagner, 1995; Petruccelli and Anon, 1994); 3). Higher molding temperature increased the
flowability of the protein chains, thus enhancing molecular alignment and interactions.
Consequently, water absorption of SP plastic was decreased (Paetau et al 1994b); 4). It has been
found that higher processing temperature resulted in more SS bonds in protein, which could
increase the water resistance of the SP plastic (Takagi et al. 1979) (Wolf and Tamura 1969)
(Draper and Catsimpoolas 1978). The water resistance of SP plastic could also be improved by
increasing processing pressure. The disassociation and coagulation of soy protein molecules at
high pressure resulted in high viscosity and the release of the large hydrophobic groups
(Kajiyama et al., 1995).

1.4 Protein-based plastics and Composites
Protein-based resins can be dated back to as early as the 1910s when Satow and Sadakichi
reported making celluloid-like substance from vegetable proteins in 1917. In late 1930s and early
1940s, Henry Ford was an enthusiastic advocator of using soy meal for plastics (Brother and
Mckinney 1939; Mckinney and Brother 1941). In general, Ford's soy plastics were prepared by
reacting soy meal with formaldehyde to produce cross-linked protein, and for increased strength
and resistance to moisture, phenol or urea was co-condensed with the protein. Therefore, soy
meal was a reactive ingredient in the phenol (or urea) formaldehyde resin. However, that soy
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plastics technology was abandoned soon after World War II when more economic and
convenient petroleum-based synthetic plastics started to be readily available.
In recent years, research interest in this area has been reignited (Kalapathy et al., 1995)
(Lambuth, 1994). In general, the role of SP in current bioplastics research can be classified into
two types: as thermoplastic for neat SP plastics or matrix polymer, and as filler for
thermoplastics or thermosetting resins. In addition, chemical modification of SP has also been
studied to improve the physical and mechanical properties of SP plastics.
1.4.1 SP as a thermoplastic
As we mentioned in the section of SP chemical structure and thermal properties, SP can
undergo gelation in the presence of adequate water when heated. The gelated SP can be further
plasticized by water and other plasticizers and behave like a thermoplastic under shear stress.
Compression molding is a simpler method for processing SP plastics than extrusion- less water
or other plasticizers are required by compression molding than extrusion (Paetau 1994b).
1.4.1.1. Existing problems
Strong intra- and intermolecular interactions of SP usually result in very high melt viscosity
that makes melt processing such as extrusion and injection molding difficult. We previously
demonstrated that in the presence of sufficient water and/or other plasticizers, SPI could be
extruded into clear sheets (Zhang et al 2001). Water is not only necessary for the gelation of SP,
but also is the most efficient plasticizer for plant polymers. However, water evaporates easily
during processing and storage and the products can become very brittle. As a matter of fact, the
major problems of SP products are water sensitivity and brittleness.
1.4.1.2 Solutions
Efforts have been made to improve the flexibility and stability of protein-based plastics since
11

the 1930s. Brother and McKinney (Brother and McKinney 1938) tested 70 commercially
available plasticizers on formaldehyde-hardened SP, and found that ethylene glycol performed
better than the others. They also found that oleanolic acid and aluminum stearate in combination
with ethylene glycol worked very well in reducing water absorption. Currently, glycerol,
ethylene glycol, and propylene glycol are usually employed in SP plastics (Mungara et al 2002)
(Zhang et al 2001) (Wang et al 1996). Wang et al. (Wang et al 1996) has studied the effects of
polyhydric alcohols as plasticizer on mechanical properties of SP plastic. It is shown that
polyhydric alcohols interact with hydrophobic side chains of protein by unfolding the protein
molecules to expose components that are buried inside the hydrophobic core. However, the
polyols showed an antipalsticizing effect on the soy protein plastics below their melting point.
Similar results were observed by Zhang et al (Zhang et al 2001) in a recent study on
plasticization of extruded SP sheets.
Zhang et al (Zhang et al 2001) studied the effect of amount of plasticizer (water and glycerol)
on the properties of SP plastics. It was found that the SPI sheets containing 10% glycerol
demonstrated fairly high strength but very low elongation. Large decreases in strength and
Young’s modulus were noted when glycerol concentration increased from 20 to 30 parts. Further
increases in glycerol concentration resulted in seriously detrimental effects on the overall
mechanical properties. Hence, it seems that the formulation with 20% glycerol demonstrated
optimal overall properties. Partial substitution of glycerol with methyl glucoside resulted in a
higher Tg and therefore more rigid sheets, but reduced the flowability of the SP plastic melt
(Zhang et al 2001). Other processing aids may be employed, such as sodium tripolyphosphate for
interrupting SP ionic interactions (Mungara et al 2002) (Otaigbe 1997) or sodium sulfite as a
reducing agent, to break the disulfide bonds (Jane and Wang 1996). These processing aids help
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to improve the denaturation of protein and slightly increase the moisture resistance of SP-based
plastics (Zhang 2006). However, it was observed that cross-linking of SP sheets by covalent
cross-linking reagents did not reduce water absorption of the plastics.

SPs can also act as a matrix material in composites and behave like a thermoplastic if fully
plasticized. For example, natural fibers such as kenaf (Liu et al 2007), chitin whisker (Lu et al
2004), ramie (Lodha 2002) and konjack (Chen and Zhang et al 2003) have been used to reinforce
SP plastics. However, the already low flowability of SP plastic is further reduced by the
incorporation of reinforcing fillers. Lubricant that facilitates the processibility of high molecular
polymers in both molding and extrusion is also an important additive in soy plastic processing.
Nevertheless, neat SP plastics and blends or composites with SP as matrix polymer still retain
some serious problems including water/moisture sensitivity, narrow processing window, low
impact strength and brittleness.

Chemical modification was also applied to improve the properties of SP plastics, e.g.
acetylation treatment increased the processing window but could not improve the mechanical
properties, while esterification treatment improves the mechanical properties but reduces the
water resistance. SP has also been investigated by blending with oxidized starch, and the blends
have high degrees of tensile strength and water resistance, which were proportional to the degree
of starch oxidation and were affected by the protein pH value and the type of plasticizers. Vaidya
and Bhattacharya (Vaidya and Bhattacharya 1994) found that the compatibility of synthetic
polymers with natural polymers depended on whether the latter had reactive functional groups to
form interpolymers. Amines or amino acids are the main functional groups of a cereal protein,
which could react with some functional groups of synthetic polymers.
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1.4.2. SP as a filler
Blending is often the most efficient and economic means to address many of the problems
SP-based bioplastics face, such as narrow processing window, poor flowability and brittleness.
Blending SP with biodegradable thermoplastic polymers is particularly interested because the
resulting blends retain complete biodegradability. These polymers include poly (butylenes
succinate-co-adipate) (John and Bhattacharya 1999), polycaprolactone (John and Bhattacharya
1999) (Zhong and Sun 2003) (Mungara et al 2002), poly (hydroxyl ester ether) (Wang C 2002)
and

poly

(butylenes

adipate-co-terephthalate)

(Graiver

2004).

Blending

SP

with

non-biodegradable polymers including poly(ethylene-co-ethyl acrylate-co-maleic anhydride)
(Zhong and Sun 2003), polyurethane (Chang et al 2001), and styrene-butadiene latex (Jong 2005)
have also been studied. Because of the large disparity in molecular structures between SP and
these thermoplastics, the interfacial adhesion in many blends is not strong enough to yield
satisfactory mechanical properties. Improving interfacial adhesion by adding appropriate
compatibilizer or coupling agent in the blends has proved to be an efficient approach to obtain
fine phase structures and improved mechanical properties. However, SP was merely used as
organic particulate filler dispersed in the matrix polymer in these blends. Although the blends
generally displayed greater water resistance, processibility and toughness than neat SP plastics,
and greater stiffness than the soft matrix polymers, they often exhibited less strength than both
the neat SP plastics and polymers.
Because the free hydroxyl and amino groups in SP can participate in the cure reactions of
thermosetting resin, SP can be used as a reactive additive in thermosetting resins. These
functional groups can also be utilized for chemical modification to improve physical and
mechanical properties. For example, Wu et al. blended SP with polyurethane prepolymer based

14

on polycaprolactone polyol/hexamethylene diisocyanate (Wu et al 2003); and the formation of
urea-urethane linkages was detected in the cured resins, suggesting that the amino groups of SP
were involved in the curing. The polyurethane prepolymer modified SP plastic demonstrated
superior toughness and water resistance.

1.5 Research objectives
Blending SP with other thermoplastics is an economical approach to overcome many
problems associated with SP plastics and to reduce the cost of products made from current
biobased or biodegradable polymers, such as PLA and PBAT. So far, however, most studies in
the literature showed that SP was merely used as filler to blend with other thermoplastic
polymers. Although these blends generally showed greater water resistance, processability,
and/or toughness than neat SP plastics, they often exhibited lower strength than both the neat SP
plastics and the polymer matrix. The properties of a multi-component polymer system are
determined by its dispersed phase structure and the morphology of the system. If SP is processed
as a plastic in blending with other polymers, the resultant blends can be expected to demonstrate
diverse and more controllable morphological structures compared with the blends in which SP
merely functions as filler. The morphological structure of a binary blend system depends on the
viscosity ratio, composition, interfacial tension and processing conditions. Therefore, blending
SP as a plastic with other polymers provides a convenient method to manipulate mechanical and
physical properties of SP blends through varying the phase structure. However, if the
thermoplastic SP/polymer blend is prepared using a similar two-step method as in the
thermoplastic starch (TPS)/polymer blends, the presence of a large amount of plasticizer (e.g.
glycerol) and water in the SP phase can decrease the overall mechanical and physical properties
of the blends. Furthermore, the crosslinking of SP occurred in the first step also poses
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complication in the blending step. Therefore, there is a critical need for a new approach in
developing high performance SP blends. In this project, the blends were prepared by a novel
method in which plasticizing of SPC and mixing of the components were simultaneously
completed in a single-step compounding process. The plastic behavior of SPC with varying
water contents under fixed glycerol level was evaluated thoroughly by morphological study of
the resulting blends. The influence of SPC content and compatibilizer on the phase morphology
as well as the resulting blend properties were also investigated in detail.
The long-term goal of the research is to develop economically viable and
performance-competitive bioplastics using SP and other biobased or biodegradable polymers.
Specifically, the overall objective of this application is to determine the influences of water
content in the pre-compounding SP, composition of the blend (SP/polymer ratio) and
compatibilizer on SP phase structure and morphology of the resulting blends, and the
morphological structure-property relationship. The central hypothesis is that the deformability of
the SP phase in the blending process is determined by water content in the pre-compounding
SPC, but also influenced by SPC/polymer ratio as well as the presence of compatibilizer. The
rationale for my research is that once it is known how the SP phase structure is regulated by
water content and composition, new preparation method of SP blends which is more economic
and simple as well as leading to diverse design of the phase structure of the blends will be
established. Five specific aims were designed to objectively test the central hypothesis and
accomplish the overall objective of this research:
Specific aim #1. Determine the effect of water content in the pre-compounding SPC on
morphological structure and properties of the blends
Specific aim #2. Determine the effect of SPC content on morphological structure and
properties of the blends
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Specific aim #3. Determine the effect of compatibilizer on morphological structure and
properties of the blends
Specific aim #4. Modeling-Investigate formation of SPC percolated structure by evaluating
SPC aspect ratio
Specific aim #5. Statistical Modeling- Evaluate the significance of water content and SPC
content as well as their interactions on the mechanical properties of blends

The research of my thesis is creative and original: simultaneous plasticizing of SP and
mixing with other thermoplastic polymers have not been reported elsewhere. The expected
outcomes of my research are: (1) Development of a novel preparation method for
SP/thermoplastic polymer blends; (2) Determination of the influences of water content in the
pre-compounding SP, SP content and compatibilizers on plastic deformability of the SP domain
and phase structure of the blends; (3) Understanding of the relationship between phase structure
and properties of SP blend; (4) Identification of the formation and the stability of SPC percolated
structure by empirical model using number average aspect ratios of SPC phase.
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Chapter 2 Effect of Water Content on SPC Phase Structure and
Properties of PBAT/SPC Blends

ABSTRACT

In this study, a new approach was investigated to manipulate the morphology of
biodegradable PBAT and SPC blends. In contrast to the usual method in the literature where soy
protein is generally used as particulate filler in blending with other hydrophobic thermoplastics,
by exploring the plastic character of soy protein and promoting interfacial adhesion, SP blends
with fully percolated thread structure were obtained. By adjusting the water content in the
pre-compounding SPC from low to high, behavior of SPC changed from that of rigid filler to that
of deformable filler and finally to that of a plastic component. Detailed phase morphology and
phase structure of the blends were revealed by transmission electron microscopy (TEM) and
field emission scanning electron microscopy (FE SEM). Study of dynamic rheology also
confirmed the formation of an interconnected network structure. Accordingly, tensile and
dynamic mechanical properties were greatly improved for those blends with superior percolated
structures. Thermal properties and water absorption of the blends were also discussed. The
molecular weight change of PBAT after blending and influence of processing on SP solubility
were examined.

Keywords: soy protein blend, percolation network, poly(butylene adipate-co-terephthalate)
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2.1 Introduction
Many studies have demonstrated that SP is a promising alternative to petroleum-based plastic
materials. In the presence of water, SP can undergo gelation with heating and is subsequently
plasticized by the water present, displaying plastic characteristics under shearing. The
processibility and processing methods of SP plastics, however, strongly depend on the water
content in SP. Compression molding of SP requires only small amount of water. For example,
Paetau et al. showed that SPI with 7.1% water and SPC with 5% water were able to be
compression molded (Paetau et al 1994b). Sun et al. (Sun et al 1999) also compression molded
the 7S-riched and 11S-riched SP containing 10% extra water into uniform plastics. Such
compression molded SP demonstrated fairly high tensile strength (~40 MPa) and modulus (~1.6
GPa) but was not able to be reshaped by melt processing. With higher level of water present, SP
can be processed by extrusion or injection molding. Chen and Zhang (Chen and Zhang 2005)
also prepared SPI sheets with varying levels of glycerol by compression molding and
demonstrated similar tensile properties. Zhang et al. (Zhang et al 2001) melt compounded SPI in
the presences of sufficient water (e.g. 60 parts per 100 parts of SPI) and/or glycerol by extrusion
with temperature varying between 60 and 115°C, and subsequently extruded the compounded SP
pellets (retaining ca. 20% water) into smooth sheets with the die temperature varying between
100 and 120°C, depending on the formulations. The extruded SPI sheets displayed similarly high
yield strength (~40 MPa). Recently Ralston and Osswald (Ralston and Osswald 2008) studied
the viscosity of SPI/cornstarch blends compounded with 19% glycerol, 1% soy oil and 30%
water. The blends with water content adjusted to 10% showed comparable viscosities to LDPE in
the temperature range of 180 to 230°C. All these studies demonstrated the plastic nature of soy
protein due to the fact that SP gelates in the presence of certain levels of water and is
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subsequently plasticized. Nevertheless, the plastics based on SP alone or SP blending with other
natural polymers are highly water/moisture sensitive and brittle with moisture loss. To overcome
these obstacles, blending SP with biodegradable hydrophobic polymers has received extensive
studies. So far most studies have merely used SP as particulate organic filler to mix with other
polymers,

e.g.

poly(butylene

succinate-co-adipate)

(John

and

Bhattacharya

1999),

polycaprolactone (John and Bhattacharya 1999) (Zhong and Sun 2003) (Mungara et al 2002),
poly(hydroxyl ester ether) (Wang et al 2002a) and poly(butylene adipate-co-terephthalate)
(Graiver et al 2004). Although these blends generally showed greater water resistance,
processability and/or toughness than neat SP plastics, they often exhibited less strength than both
neat SP plastics and polymers. We previously studied the blends of poly (lactic acid) (PLA) with
SPI or SPC formulated with extra water (Zhang 2006), co-continuous phase structure and
percolated thread structure were noted for the compounded SPC/PLA blends and SPI/PLA
blends, respectively, suggesting that SP behaved as melt in blending. These blends demonstrated
significantly higher tensile strength and modulus than those with SP as filler. Similarly, Sailaja et
al. (Sailaja et al. 2008) recently studied polypropylene blends with soy flour containing 33%
glycerol and 19% water, and the resulting blends exhibited greater tensile strength than the
blends from dry soy flour. However, the phase morphology of the blends was not elucidated in
that study. Since in the presence of water and/or other plasticizers SP behaves like a melt under
shear and water plays a determining role in its flowability, it is important to know the influences
of water content in SP on the phase morphology and properties of the resulting blends.
In this study, PBAT/SPC blends were prepared by extrusion compounding and the test
specimens of the resulting blends were prepared by injection molding. The effects of water
content on the development of SPC phase morphology were examined in detail. Rheological,
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tensile and dynamic mechanical and thermal properties as well as the water absorption of the
blends were studied. The effects of water content in SP on the molecular weight of PBAT and
soy protein molecular structure were also examined. The main objective of this study was to
utilize the melt character of SP for flexible design of the morphological structure of the blends,
hence manipulate their properties. To the best of our knowledge, the effect of processing SP as a
plastic component in the blends on morphological structure has not been reported elsewhere.

2.2 Experimental
Materials. SPC (Arcon F) was provided by ADM (Decatur, IL), and contained ca. 7.5 wt%
moisture as received. PBAT (Ecoflex F BX 407) was provided by BASF (Florham Park, NJ),
having a weight-average molecular weight of 71.7 kDa and polydispersity of 1.60. Maleic
anhydride (MA) (95%) was purchased from Aldrich. MA grafted PBAT (PBAT-g-MA) was
prepared by reactive extrusion using dicumyl peroxide 98% as initiator, and the residual MA was
removed under high vacuum at 80°C (Jiang et al 2008). The degree of grafting was 1.40 wt% as
determined by titration method.
Preparations of blends and test specimens. SP was pre-formulated and contained the
following ingredients: SPC (100 parts, on the basis of dry weight), sodium sulfite (0.5 parts),
glycerol (10 parts) and/or water. Six levels of water content in the SPC powder were selected:
0.6 (vacuum dried at 70°C for 12 h), 7.5 (native, as received), 10, 12.5, 17.5 and 22.5 wt% (by
adding 2.5%, 5%, 10% and 15% extra water to the native SPC), respectively. The formulated
SPC was mixed using a kitchen blender, then stored in sealed plastic bags and left overnight at
room temperature to equilibrate (hereafter “pre-compounding SPC”). The mixture of 30 parts
pre-compounding SPC (based on SPC dry weight), 67 parts PBAT and 3 parts PBAT-g-MA
(PBAT-g-MA was used as a compatibilizer) was compounded using a co-rotating twin-screw
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extruder (Leistriz ZSE-18) equipped with 18 mm screws having an L/D ratio of 40. The screw
speed was maintained at 80 rpm for all runs, and the eight controlled temperature zones from the
first heating zone to the die adaptor were set at 99, 110, 145, 145, 145, 145, 145, and 140°C,
respectively. The vents of the extruder were closed, and the screws had dynamic seal elements
near the inlet to minimize the escape of water vapor. The residence time was ca. 2 min during
extrusion compounding. The extrudate was cooled in a water bath and subsequently granulated
by a strand pelletizer. Pellets were exposed in the air for 4 h to further evaporate the residual
surface moisture and then dried in a convection oven at 90°C for more than 12 h (the residual
moisture was less than 1%). The resulting blends are named thereafter “PBAT/SPC-Y%H2O”,
here Y denotes the water content in pre-compounding SPC. Test specimens were prepared by a
Sumitomo injection molding machine (SE 50D) with barrel zone temperatures set at 155, 160,
160 and 155°C from the feeding section to the nozzle. Mold temperature was set at 50°C and
cooling time was ca. 30 s. All samples were conditioned for one week at 23 ± 2oC and 50 ± 5%
RH prior to mechanical test and characterizations.
Dynamic mechanical analysis. Dynamic mechanical properties were measured by a
dynamic mechanical analyzer (DMA, TA Q-800). DMA specimens (12.6×3.2×35 mm3) were cut
from the injection molded samples and conditioned in the same environment as tensile samples.
DMA test was conducted on a single-cantilever fixture at a frequency of 1Hz. All tests were
conducted at an amplitude of 30μm using a 2oC/min temperature ramp from -70 to 140oC. The
weight loss of specimen through the DMA test was measured to be ca. 1% for all samples, which
could be approximately assumed as the residual moisture and some volatiles in the SPC phase.
Rheology tests. Dynamic rheological properties of the PBAT/SPC blends were measured
using a strain-controlled rheometer (Rheometric Scientific, RDA III) with a parallel-plate
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geometry (d = 25 mm). The gap distance between the parallel plates was 1mm for all tests. A
strain sweep test was initially conducted to determine the linear viscoelastic region of the
materials, then a dynamic frequency sweep test (strain: 3%, frequency: 0.01 to 500 rad/s) was
performed at 160 oC. All test samples were cut from the injection molded specimens after
conditioning. Since the moisture content of the specimen after conditioning was tested as ca. 1%,
no additional protection during the test was taken.
Tensile test. Tensile tests were performed on an 8.9-kN, screw-driven universal testing
machine (Instron 4466) equipped with a 10-kN electronic load cell and machine grips. The tests
were conducted at a crosshead speed of 5 mm/min with strain measured using a 25-mm
extensometer (MTS 634.12E-24). All tests were carried out according to the ASTM standard and
5 replicates were tested for each sample to obtain an average value. All samples were tested after
one week of conditioning at 23 ± 2oC and 50 ± 5% RH.
Microscopy. Transmission Electron Microscopy (TEM, Jeol 1200 EX, accelerating voltage
100kV) was used to reveal the high resolution phase morphology of the blends, while Field
Emission Scanning Electron Microscopy (FE SEM, Quanta 200F) was applied to investigate the
SPC phase structure. TEM ultrathin sections from the injection molded samples were prepared
utilizing a ultramicrotome (Powertome X, Boeckeler Instrument) at -80°C under a liquid
nitrogen environment. In order to better understand the SPC phase structure and its state in the
blend, the SPC phase was isolated by removing the PBAT phase using extraction. The PBAT
phase in the blends was removed by Soxhlet extraction in CHCl3, and sample was wrapped in a
pouch of filter paper to minimize the disturbance of the SPC phase by the solvent flow. The
isolated SPC was gently suspended in CHCl3 and spin coated onto mica slices at low speed limit.
The unprocessed SPC particles were also suspended in CHCl3 and spin coated in the same way.
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To examine the dispersion of SPC phase in PBAT/SPC blends, the injection molded tensile
specimens were cryo-fractured in a transverse direction of the specimens. To obtain a better
observation of the phase structure, some cryo-fractured surfaces were extracted with a solvent to
remove the SPC phase. The solvent for SP extraction was prepared by making a solution of 0.1
M NaSO3 and 8 M urea using a buffer containing 2.6 mM KH2PO4 and 32.6 mM K2HPO4
(Hager 1984). The SPC extraction with a buffer solution took a week due to the good interfacial
adhesion resulted from compatibilizer PBAT-g-MA. The extracted surfaces were dried in
vacuum oven at room temperature. All FE SEM specimens were sputter coated with gold prior to
examination.
Thermal analysis. Differential scanning calorimetry (DSC) was performed on the
injection-molded specimens. The samples were crimp sealed in 40 µL aluminum crucibles. All
samples were first scanned from -45 to 130°C at the heating rate of 10°C/min to examine the
glass transition temperature and crystallinity of PBAT in the test specimens. The samples were
isothermally kept at 130°C for 2 minutes, and then cooled to -45°C at 10°C/min to study the
non-isothermal melt crystallization.
Water absorption and Wet strength test. The water absorption test was conducted
following the ASTM D570-81with a slight modification. The straight bar injection samples were
conditioned for 7 days at 23°C and 50%RH prior to the testing and then immersed in distilled
water at room temperature until the weight gain of the sample became steady. The percentage
weight gain was taken as the water absorption value. Five replicates were tested for each sample.
Wet strength test were performed on the conditioned dog-bone injection samples after being
immersed in water for 24 hours. The same testing machine as in the tensile test was applied to
obtain the wet strength of the composites. Also, five replicates of each sample were tested to
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obtain the average value.

Solubility test of soy protein.

Protein solubility tests were performed on SPC powders

isolated from the injection molded samples. A piece of the molded sample (ca. 5 g) was added to
50 mL chloroform to dissolve the PBAT component. The filtrate was added acetone to
precipitate the PBAT which was used for molecular weight analysis. The residue on the filter
paper was treated with the same procedure for 3 more times to assure the complete removal of
PBAT. As a control experiment, the unprocessed SPC (as received) was treated with the same
extraction procedure. Solubility tests of the SPC phase were performed in three buffer solutions
(Hager 1984): buffer containing 0.0182 M NaHCO3 and 0.0318 M Na2CO3 and having pH 10
(buffer I); buffer I adjusted to contain 8 M urea (buffer II); buffer II adjusted to have 0.1 M
Na2SO3 and then adjusted to contain 0.1 M acrylonitrile (buffer III). The solution of the SPC
sample was carried out as follows (Hager 1984). To 0.1 g of the above protein sample in a small
beaker was added 10 mL of the buffer solution. The beaker was covered with parafilm and
stirred using a magnetic bar for 60 min. The solution was then centrifuged at 5000 g for 5 min,
and the supernatant was removed for protein content analysis using Bradford assay.

Gel Permeation Chromatography (GPC).

PBAT molecular weight before and after

processing was analyzed by a Viscotek’s Complete Triple Detector Platform and GPCmaxTM
front-end chromatography setup. The Triple Detector Platform was composed of light scattering
(LS), refractive index (RI), and viscometer (VIS). The samples (~ 4.0 mg/mL) were injected
twice at a volume of 100 μL and eluted at 45 oC in HFIP (0.02 M KTFA) at 1.0 mL/min flow
rate for best signal quality. Two ViscoGEL I-series columns (2°I-MBHMW) were required to
achieve the desired results.
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2.3 Results and Discussion
2.3.1 Changes in soy protein solubility and PBAT molecular weight
It is understood that thermoplastic extrusion of SP results in formations of not only new
disulfide bonds (Jenkins 1970) (Cumming 1973) but also peptide bonds (Burgess 1976) between
SP molecules. Our previous study also showed that the extruded SPI sheet swelled greatly in
water but retained its integral shape, suggesting that a protein network structure was formed after
processing (Zhang 2001). In this study, the change of SP molecular structure after processing
was examined by solubility test (Hager 1984). Table 2.1 shows the protein solubility in different
buffers of the unprocessed SPC and SPC isolated from the three representative blends. Buffer I
was considered to only dissolve protein molecules without strong intra- and intermolecular
bonding; buffer II containing urea would, in addition, dissolve small aggregates caused by
non-covalent forces. Because sodium sulfite can cleave disulfide bridges that cause large
aggregates of protein, buffer III was able to dissolve proteins cross-linked by disulfide bonds
(Abtahi and Aminlari 1997). Since the resulting free sulfhydryl groups might be reoxidized to
form new disulfide bridges, acrylonitrile in buffer III was used to cyanoethylate the protein
sulfhydryl group to prevent it from reoxidizing. If the total protein content of SPC is 70 wt% (per
specification of the product), the results indicate that buffer III only dissolved ca. 70% proteins
in the unprocessed native SPC. It should be mentioned that this result was lower compared to the
reported solubility (ca. 94%) of proteins from the native SPC using the same buffer and
dissolution procedure (Hager 1984). Nevertheless, since all SPC samples were subjected to the
same dissolution testing, it is still valid to use the solubility results for a qualitative evaluation of
the effect of processing conditions on molecular structure changes. For this purpose, all other
solubility values were normalized with respect to that of the unprocessed SPC in Buffer III. The
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results indicate that the melt blending process led to a drastic decrease of SP solubility in all
buffers, suggesting that a significant amount of protein molecules were converted into insoluble
supramolecules. It is noted that water content in the pre-compounding SPC also played an
important role in the solubility of SP after blending. The decrease in solubility was the least for
the SPC with 22.5% H2O and the most for the native SPC (containing 7.5% H2O), while the
solubility of dry SPC (containing ~0.6% H2O) fell in the middle. However, no further
investigation of the mechanism of molecular changes was attempted in this study.
Table 2.1 Solubility of SPC isolated from different blends
Reagent(s)
% Protein dissolved1
urea
Buffer I
Buffer
II
Buffer
III

Na2SO3

acrylonitrile

X
X

X

X

unprocessed
SPC

PBAT/
SPC-H2O3

PBAT/
n-SPC4

PBAT/
dry-SPC5

34.4 (0.71)2

1.3 (0.03)

0.65(0.01)

1.97 (0.04)

40.0 (0.83)

7.0 (0.15)

2.6 (0.05)

4.91 (0.10)

48.4 (1.00)

18.4 (0.38)

9.1(0.19)

13.0 (0.27)

1 % dissolved protein was calculated on the basis of the total SPC sample weight.
2 Values in parentheses are normalized with respect to the solubility of the unprocessed SPC in buffer III.
3 The blend was prepared from SPC containing 22.5% H2O.
4 The blend was prepared from native SPC (containing 7.5% H2O).
5 The blend was prepared from dry SPC (containing ~0.6% H2O).

The possible degradation of PBAT after processing was also examined. In Table 2.2, the
molecular weight of the neat PBAT showed almost no change after experiencing the same
processes as the blends, suggesting a good thermal stability of the neat polymer in processing.
However, the molecular weight of PBAT suffered ca. 9, 10 and 16% loss in the blends with 0.6%
H2O, 22.5% H2O and 7.5% H2O in the pre-compounding SPC, respectively. The molecular
weight decrease of PBAT in the blends could be attributed to both hydrolysis and thermal
degradation during compounding. Considering that even the dried SPC still contains ca. 0.6%
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residual moisture, the copolyester PBAT likely underwent hydrolysis in the processing
conditions. Furthermore, the various functional groups in SP such as carboxyl and amino groups
might also accelerate the hydrolysis and thermal degradation of PBAT. Nevertheless, no further
investigation was attempted in this study to detail the mechanism of PBAT degradation in the
compounding process.
Table 2.2 GPC results of PBAT molecular weight change after processing
Sample

unprocessed
PBAT

molded
PBAT

PBAT/
SPC-H2O1

PBAT/
n-SPC2

PBAT/
dry-SPC3

Mw(Da)

71700

71800

64600

60200

65400

Mn(Da)

44900

44200

40600

36800

40800

Mw/Mn

1.60

1.62

1.59

1.63

1.60

1 The blend was prepared from SPC containing 22.5% H2O.
2 The blend was prepared from the native SPC (containing 7.5% H2O).
3 The blend was compounded from dry SPC (containing ~0.6% H2O).

2.3.2 SPC phase structure
In order to better understand the influences of water on the mixing behavior of SPC and its
phase structure, the PBAT matrix was removed by Soxhlet extraction and then the isolated SPC
phase was examined by FE SEM (Figure 2.1). For better observation, the specimens were
prepared by spin coating the suspension of the isolated SPC in CHCl3 on mica slices.
Unprocessed SPC appeared as ordinary particulate particles (Figure 2.1a). In contrast, SPC in the
blends clearly experienced morphological change, depending on the water content in the
pre-compounding SPC. Dry SPC in the blend largely retained the particle sizes and shape of the
unprocessed SPC (Figure 2.1b), suggesting it behaved like a rigid particulate filler in mixing
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with the matrix. When the native SPC (containing 7.5% H2O as received) was used, the SPC
phase appeared ellipsoidal and its average domain size was apparently larger when compared
with the dry SPC in the blend (Figure 2.1c). With an extra amount of water added to the native
SPC, however, SPC appeared as fine “threads” (Figure 2.1d - 2.1g). These results suggest that
water content in the pre-compounding SPC played a critical role in the development of the SPC
phase structure in the blend. SP particles were likely hardened by heat in the mixing process
(Jong 2005), so dry SPC dispersed like rigid particulate filler in the matrix without clear
deformation and size change. Compared with the blend from dry SPC, the SPC particle sizes in
the blend from native SPC was apparently larger and this was probably due to its 7.5% moisture
as received. It is well-recognized that the main mechanism governing the morphology
development of blends is the balance between droplet break-up and coalescence (Thomas and
Groeninckx 1999). During compounding the dispersed phase is subjected to deformation under
shear force, stretched to threads and broken into small droplets(Sundararaj and Macosko 1995);
vice versa the droplets can coalesce. The size and shape changes of SPC phase in the blend
compounded from the native SPC may suggest that the 7.5 % water in the native SPC was able
to gelate the SPC to certain degree and fuse the neighboring particles together but was not
sufficient to render the in situ formed SPC plastic (gel) high enough deformability. Therefore,
the SPC plastic phase was not able to experience a significant deformation and breakup. With a
certain amount of extra water, SPC could be better plasticized and possess appropriate
deformability under the specific compounding conditions. However, the viscosity of the SPC
phase was still anticipated to be fairly high due to the extensive aggregation and cross-linking of
SP in the process as indicated by the above solubility analysis and the known high polar and
ionic characteristics of SP molecules. Therefore, SPC coalescence surpassed its breakup during
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processing, and hence, and SPC melt was stretched along the shear direction and extended to
threads.

34

a

b

c

d

e

f

g

35

Figure 2.1 FE SEM micrographs showing the influence of water content in the pre-compounding
SPC on SPC phase morphology in PBAT/SPC (70/30 w/w) blends. SPC was extracted by
Soxhlet for the complete removal of PBAT and spin coated on mica slice. Water content: b,
~0.6%; c, 7.5%; d, 10%; e, 12.5%; f, 17.5%; g, 22.5%; unprocessed SPC (a).

Figure 2.2 shows the TEM micrographs of the blends prepared from SPC with three
representative levels of water. When dry, native and extra water (15%)-containing SPC were
used, the SPC phase in the resulting blends appeared as ordinary particulates, enlarged ellipsoids
and fine threads, respectively. These results were in good agreement with the results from the
above FE SEM analysis. The TEM analysis of phase morphology of the blends further confirmed
that with increasing water content in the pre-compounding SPC, the SPC phase experienced
changes from rigid particles to deformable fillers to deformable plastic.
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a

b

c

Figure 2.2 TEM micrographs of the PBAT/SPC (70/30 w/w) blends. (a), SPC-0.6%H2O; (b),
SPC-7.5%H2O; (c), SPC-22.5%H2O.
To further verify the effect of water content on the SPC phase structure development and
SPC phase dispersion in the polymer blends, the blend samples were cryo-fractured in liquid
nitrogen to maximally retain the original phase morphology and were etched using a buffer
solution to remove the SPC phase(Zhang 2006) (Figure 2.3). The SEM micrographs of the buffer
etched surfaces also revealed the size and shape changes of the SPC domains in the resulting
blends with increase of water content in the pre-compounding SPC. With 0.6 (dried) and 7.5%
(as received) H2O, SPC basically retained its original particular shapes and sizes, and some large
domains might be resulted from agglomerates. With 10% or higher H2O content, SPC clearly
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existed as fine stretched threads in the blends. Although the SPC domains might not be
completely etched from the facture surfaces, these SEM micrographs provided sufficiently
qualitative evidences of the phase structures of the blends. The aspect ratio of SPC phase with
different water contents in the blends will be discussed quantitatively in Chapter 4.
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Figure 2.3 SEM micrographs showing the cryo-fractured surfaces of PBAT/SPC (70/30 w/w)
blends after etching of SPC by buffer. Water contents in the pre-compounding SPC: a, 0.6%; b,
7.5%; c, 10%; d, 12.5%; e, 22.5%.
PBAT had a density of ca. 1.27 g/cm3. If the density of the SPC phase was assumed to be ca.
1.35 g/cm3 according to Jong’s previous study (Jong 2005), the volume fraction of SPC phase
was approximately 28.7 vol% for the PBAT/SPC (70/30 w/w) blend. According to Isichenko’s
study (Isichenko 1992), for filler with an aspect ratio of 1, its percolation threshold is at ca. 29%
volume fraction. Therefore, it is reasonable to consider that the dispersed SPC threads, which
should have aspect ratios significantly larger than 1, had higher probability to form 3-D
interconnected networks in respective blends (Willemse 1999). In fact, the formation of the
percolated SPC thread network structure could be observed directly from the remains after
removal of the PBAT matrix using Soxhlet extraction (Figure 2.4). The interconnection and even
some entanglements of the SPC threads were clearly noted in the blends prepared from SPC
containing 10 to 22.5% H2O. This fully percolated SPC thread network structure drastically
changed the melt rheological behavior and mechanical properties of the blends, as discussed in
the following sections.
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Figure 2.4 FE SEM micrograph of Soxhlet extracted SPC in the PBAT/SPC (70/30 w/w) blends
showing the mechanical interlocking mechanism of percolated SPC phase structure in
(a).PBAT/SPC-10%H2O;
(b).PBAT/SPC-12.5%H2O;
(c).PBAT/SPC-17.5%H2O;
(d).PBAT/SPC-22.5%H2O.

2.3.3 Rheological properties and percolation
It is well known that the incorporation of rigid filler into neat polymer will result in
pronounced elastic properties and long relaxation times (Graebling 1993). The rheological
behavior of polymer blends mainly depends on the nature of polymer matrix and the filler. In an
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early study, we demonstrated that the SPI sheet containing 10% glycerol displayed an elastic
modulus of 1.23 GPa (Zhang 2001), which is ca. 12 times the modulus of PBAT. The SPC phase
in the present blends could also be anticipated to have an elastic modulus of the similar level.
Furthermore, due to its extensive agglomeration and crosslinking as well as drying of most
residual moisture after blending, the SPC phase in the blends was not able to be melted again in
the subsequent processing. Therefore, these blends with SPC thread structures became in-situ
formed composites. Dynamic rheological properties are very sensitive to structure and
interactions within the polymer melt. Since the solid structure of a material can be preserved
under small-strain test conditions, dynamic rheology testing is often used for the evaluation of
morphological structure of polymer blends and composites (Utracki 1989) (Du 2003). In the
terminal (low frequency) zone, the PBAT melt demonstrated a typical liquid-like behavior that
logarithmic storage (G′) or loss (G′′) modulus versus logarithmic angular frequency (ω) showed
a smooth linear relationship by G′ ∝ ω1.75 and G′′ ∝ ω0.94, respectively (Figure 2.5). The blends
with 30% SPC not only exhibited much higher G′, G′′ and complex viscosity (η*) values than
PBAT, but also demonstrated drastically different terminal behaviors. Irrespective of frequency,
both G′ and G″ increased monotonically with increasing water content in the pre-compounding
SPC. The viscoelastic response of the blends was mainly altered at low frequencies, where G′
and G′′ exhibited weak frequency dependences (Romeo 2008). With 22.5% H2O in the
pre-compounding SPC, the slope of log (G') vs. log(ω) of the resulting blend was 0.24, indicating
a significant pseudo-solid-like behavior of the melt. Since Tm is not available for SPC, the matter
state of the alloy will be maintained during the whole testing time scale. It is reasonable to
believe that the secondary plateau observed in the linear viscoelastic region was due to an
interconnected network structure of anisometric filler - a characteristic solid or gel-like structure
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had formed in the system; similar phenomenon was also mentioned in the study of polymer filled
with nanoscope (Utracki 1987). The effect of water content in the pre-compounding SPC can be
also seen from the inserts of Figures 2.5a and 2.5b, where the relative increase in G' and G″ with
respect to the neat polymer became phenomenal at 10% H2O, suggesting the critical water
content for the percolation threshold. On the other hand, in the terminal zone, the plots of log (η*)
vs. log (ω) changed from a Newtonian (primary) plateau (Figure 2.5c) for the neat PBAT to a
clear shear-thinning behavior for the blends, providing more evidence of elastic behavior due to
the solid network structure of SPC. Figure 2.6 shows the changes of the log G′ and G″ with water
content in the pre-compounding SPC (Kota 2007). Clearly, G′ and G″ were very sensitive to the
formation of SPC percolation at which log G′ and log G″ exhibited drastic increases. Again, the
result suggests that the critical water content for percolation threshold was at 10%.
Further evidence of the formation of a pseudo-solid-like network of percolated threads is also
noted in Figure 2.7, where variations of G' and G′′ of the blends vs. ω are compared. The
PBAT/SPC-7.5% H2O blend in which SPC was dispersed as particles displayed a lower G' than
G′′ over the whole frequency range. However, with the buildup of network structure, G'
exceeded G'' in the terminal zone due to the pseudo-solid like behavior. At higher frequencies,
crossover of G' and G'' was noted and it was probably due to the destruction of the network
structure at high shear rates. Similar crossover was also reported for the polystyrene/carbon
nanotube composites with fully percolated structures (Kota 2007). Expectedly, the crossover of
G' and G'' was observed for all those PBAT/SPC blends prepared from the SPC containing 10 to
22.5% H2O. It is worth mentioning that the crossover point shifted to higher frequency with
water content in the pre-compounding SPC. The fact that the frequencies at which the crossover
occurred were 0.1, 0.25, 0.4 and 1 rad/s for the PBAT/SPC blends prepared from SPC containing
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10, 12.5, 17.5 and 22.5% H2O, respectively, confirms the superior percolated structure.
1.E+06

a
1.E+05

22.5% H2O (0.24)
17.5% H2O (0.31)
12.5% H2O (0.34)
10% H2O (0.37)
7.5% H2O (0.56)
~0.6% H2O (0.59)
neat PBAT (1.75)

G' (Pa)

1.E+04
450
400
350

1.E+03
(G'-G'0)/G'0

300
250
200
150

1.E+02

100
50
0
0

1.E+01
0.01

5

10

15

20

25

Water content in pre-compounding SPC (%)

0.1

1

ω (rad/s)

10

100

1000

1.E+06

b

7.E+04

1.E+04

6.E+04
5.E+04
(G'-G'0)/G'0

G'' (Pa)

1.E+05

22.5% H2O (0.3)
17.5% H2O (0.5)
12.5% H2O (0.51)
10% H2O (0.53)
7.5% H2O (0.71)
~0.6% H2O (0.73)
neat PBAT (0.94)

1.E+03

4.E+04
3.E+04
2.E+04
1.E+04
0.E+00

1.E+02
0.01

0
10
20
30
Water content in pre-compounding SPC (%)

0.1

1

10
ω (rad/s)

44

100

1000

1.E+06

c

22.5% H2O
17.5% H2O
12.5% H2O
10% H2O
7.5% H2O
0% H2O
neat PBAT

η* (Pa•s)

1.E+05

1.E+04

1.E+03

1.E+02
0.01

0.1

1

10

100

1000

ω (rad/s)

Figure 2.5 Effect of water content in the pre-compounding SPC on dynamic rheological
properties of PBAT/SPC (70/30 w/w) blends. Strain = 3%, temperature = 160°C. The inserts
showed the relative increase in the moduli at ω=0.01 rad/s with respect to those of the neat PBAT
(G'0 and G''0) as a function of water content in pre-compounding SPC. The values in the
parentheses are the slopes of log (G') or log(G'') vs. log(ω) in the terminal region.
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Figure 2.6 Logarithmic storage modulus (logG') and loss modulus (logG'') as a function of water
content in the pre-compounding SPC. The rheological data were obtained from Figures 4a and 4b
at a frequency of 0.1 rad/s.
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Figure 2.7 Crossover diagram of the G' and G'' curves for the blends with 22.5, 10, and 7.5%
H2O in the pre-compounding SPC. While PBAT/SPC-22.5% H2O showed a viscous response at
higher frequency than PBAT/SPC-10%H2O, and PBAT/SPC-7.5%H2O showed no elastic
response over the entire frequency range.

2.3.4 Tensile mechanical properties and tensile fracture morphology
Figure 2.8 shows the tensile stress-strain curves of neat PBAT and the blends. PBAT
behaved like very soft polymer, displaying low yield stress, modulus and high ductility (it could
not be fractured within the tester frame used). All the blends showed significant reinforcing
effect, i.e. higher stresses and moduli than that of the neat PBAT, but exhibited great reduction in
elongations at break. This behavior is quite typical for a system consisting of a rigid phase
dispersed in a soft matrix. The large increases in yield strength and modulus were direct
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consequences of the suppression of the global cooperative chain movement of PBAT by the
percolated SPC network structure. Nevertheless, all blends still showed fairly good ductility. It is
noted that reinforcing effect increased with water content in the pre-compounding SPC, while
elongation decreased. This result was consistent with the SPC phase structure and percolation
state in each blend as discussed above. Though SPC only existed as particulate filler in the
PBAT/SPC-0.6%H2O and PBAT/SPC-7.5%H2O blends, with a loading level of 30% it still
exerted significant restriction to the chain movement of PBAT, resulting in great increases in
yield stress and modulus and decrease in elongation. The influences of water content in the
pre-compounding SPC on yield stress and modulus of the blends are further compared in Figure
2.9. Apparently, when additional water was added to the native SPC, the yield stress and
modulus of the resulting blends began to take off. This phenomenon indicated the interconnected
network structure of threaded SPC started to form at ca. 10% H2O in the pre-compounding SPC.
Accordingly, the elongation at break also took a large reduction with the formation of network
structure. The tensile mechanical properties agreed well with the variation in morphological
structures of the blends observed in electron microscopic and rheological analyses. Figure 2.10
shows the tensile fracture morphologies of PBAT/SPC-0.6%H2O, PBAT/SPC-7.5%H2O and
PBAT/SPC-22.5%H2O

blends.

The

PBAT/SPC-22.5%H2O

blend

demonstrated

more

homogeneous and smooth fracture surface than the other two blends. The morphology of the
tensile fracture surfaces was consistent with the SPC phase morphology discussed above. It is
well recognized that filler in particulate shape has less hindrance to plastic deformation of the
soft matrix than filler in the percolation with interlocked thread network structure. For the
PBAT/SPC-22.5%H2O blend with percolated SPC network structure, the relatively smooth
tensile fracture surfaces indicated lack of large scale plastic deformation (Figure 2.10 a). In
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contrast, for the two blends PBAT/SPC-7.5%H2O and PBAT/SPC-0.6%H2O, extensive
fibrillation was noted at the fracture surfaces (Figures 2.10 b and c), indicating the large plastic
deformation. Therefore, PBAT/SPC-0.6%H2O and PBAT/SPC-7.5%H2O exhibited higher strain
at break than PBAT/SPC-22.5%.
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Figure 2.8 Stress-strain curves of PBAT/SPC (70/30 w/w) blends from SPC formulated with
different levels of water.
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Figure 2.9 Effect of water content in the pre-compounding SPC on yield stress and modulus of
PBAT/SPC (70/30 w/w) blends.

a

b

c

Figure 2.10 SEM micrographs of tensile fracture surfaces of PBAT/SPC (70/30 w/w) blends
prepared from SPC containing 22.5%H2O (a); 7.5%H2O (b); 0.6%H2O (c), in the
pre-compounding SPC.
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2.3.5 Dynamic Mechanical Analysis
Dynamic mechanical properties of the blends are greatly affected by the phase structure. At
glass transition, the amorphous polymers undergo a change from glassy to rubber-like state.
Below Tg, the stiffness of the polymer is related to the change in the elastic energy stored on
deformation associated with the displacement of the molecule from the equilibrium position. In
the rubbery state, the molecular chains have considerable flexibility so that they adopt
conformation leading to the maximum entropy and minimum free energy. Damping and tanδ in
the transition region measures the imperfections in the elasticity of a polymer.
Neat PBAT is a soft polyester and its Tg is ca. -17°C. The incorporation of SPC into neat
PBAT led to the increase of storage modulus (E') in both glassy and rubbery regions, and
extended the rubbery region to higher temperature; this is because SPC has much higher storage
modulus than PBAT. Water is a well-known plasticizer to plant plastics; the SPC phase will
become finer and more elongated as the water content in pre-compounding SPC increases, as
discussed in the morphological study (Figure 2.1 and Figure 2.2). However, due to the drying of
the blends after extrusion, the water contents in SPC phase in all the blends were less than 1%.
Figure 2.11 showed that for PBAT/SPC (70/30 w/w) blends prepared from pre-compounding
SPC containing 10% or higher water, the SPC thread morphology favored the improvement of
dynamic moduli for PBAT/SPC blends and extended the rubbery region to a higher temperature
range, demonstrating the advantage of percolated structure. Like the influence of many typical
fillers, the reinforcing role of SPC to PBAT was apparent in the rubbery plateau. The storage
modulus (E') was increased with water content in the pre-compounding SPC in the rubbery
region and extended to broader temperature range, which was consistent with the tensile
mechanical properties. The reason was probably due to the formation of fully percolated
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structure when the water content in pre-compounding SPC reached 10%, and also further
increase in water content resulted in larger aspect ratio of SPC particles in the blends. The
incorporation of SPC also resulted in decrease of damping (Figure 2.11), which was mainly
attributed to low damping of SPC. SPC was in the glassy state for much of the temperature range
in DMA test because its Tg was around 100°C. In addition, interlocking clusters of the percolated
SPC might further reduce the damping.
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Figure 2.11 Influence of water content in pre-compounding SPC on dynamical mechanical
properties of PBAT/SPC (70/30 w/w) blends.

2.3.6 Differential Scanning Calorimeter
PBAT/SPC blends and neat PBAT showed similar DSC thermograms, indicating the
immiscible nature of the blends. Figure 2.12 shows the DSC thermograms of the 1st heating scan
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of PBAT/SPC-7.5%H2O and PBAT/SPC-22.5% H2O. A second glass transition Tg appeared in
the temperature range of 40 - 50°C; the possible reason of this second glass transition is due to
the minor component terephthalate monomer in PBAT. Although PBAT is a random copolyester,
a low degree of phase separation is still possible because of the large structural disparity between
aromatic and aliphatic segment. The first glass transition region at lower temperature (Tg1) was
associated with the flexible aliphatic domain and the one at higher temperature (Tg2) was
associated with the rigid aromatic domain. The two Tgs for PBAT was also reported by Dacko et
al. Compared with other crystalline polymer, only one broad melting peak was observed for neat
PBAT at ca. 123 °C. No melting peaks corresponding to those of aliphatic homopolymer
poly(butylene adipate) (PBA, ca. 56 °C) and aromatic homopolymer poly(butylene terephthalate)
(PBT, ca. 227 °C) could be detected. Similar thermal behavior of PBAT was reported by Shi et
al (Shi 2005). It is noteworthy that PBAT is an ideal random copolymer; furthermore the molar
ratio of its comonomers is around 1:1 (Shi 2005). This type of copolymer has been reported to be
un-crystallizable (Kang, H. 1999). Theoretically, according to Bernoullian statistics (Bovey,
F.1960), the average block length of comonomers in such kind of copolymer is close to 2,
generally too short to form regular crystalline packing, or at least the crystallinity will be quite
low even if it can manage to crystallize. Nevertheless, in this study, we observed the
crystallization of PBAT in DSC experiment. As the temperature decreased, broad and small melt
crystallization peaks were observed for neat PBAT and the blends. The peak crystallization
temperature hardly shifted for neat PBAT and the blends. However, the enthalpies of PBAT melt
crystallization in the blends prepared from SPC containing 7.5% and 22.5% water were 8.66 and
9.47 J/g, respectively, which both were higher than that of the neat PBAT (7.675 J/g). It was
likely that this increased enthalpy was caused by the SPC induced crystallization which acted as
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heterogeneous nucleation agent and promoted the crystallization of PBAT. In the 2nd heating
process, the curves of neat PBAT and the blends are smoothed out until reaching the melting
temperature. The Tg2 peak disappeared; the reason could be that the chains of PBAT have been
uncoiled during the previous heating and cooling process and do not have enough recovery time
to go back to the coiled state. To verify this argument, the specimens were recycled after DSC
test, and the whole process was repeated after two weeks; the results of the 1st heating process
showed the same curve with Tg2 as the first time experiment.
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pre-compounding SPC
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Figure 2.12 Effect of water content in pre-compounding SPC on the thermal properties of
PBAT/SPC (70/30 w/w) blends
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2.3.7 Water absorption and wet strength
Water resistance and wet strength for plant-based biodegradable plastics are important
properties in the practical applications. Owing to the crosslinking of protein molecules, neat SP
plastics based on SPI swell greatly in water but retained its integrity. In contrast, neat starch
plastics easily disintegrate in water. In this study, swelling of PBAT/SPC composites in
immersion water absorption test was greatly reduced. Figure 2.13 shows the water uptake of
different PBAT/SPC (70/30 w/w) blends with immersion time. The PBAT/SPC-22.5% blend
showed faster water uptake at the initial stage than others. The water uptakes within the initial
24h were ca. 5.5, 4.3 and 4.5% for PBAT/SPC (70/30 w/w) blends prepared from SPC
formulated with 22.5, 7.5 and 0.6% water, respectively. After reaching maximum around 20 days,
the water absorptions of the PBAT/SPC-22.5%H2O and PBAT/SPC-7.5% H2O blends started to
decrease. This decrease of water uptake might be due to the dissolution or loss of SPC
ingredients into water. In contrast, water uptake of the PBAT/SPC-0.6%H2O blend increased
continuously within the time frame. The reason for the faster water absorption for the
PBAT/SPC-22.5%H2O blend could be due to the fully percolated structure which provided an
easier interpenetrated path for water absorption. The faster water uptake for the blend prepared
from the dried SPC than the blend prepared from native SPC could be due to the finer SPC phase
morphology and hence the larger surface area.
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Figure 2.13 Water uptakes of PBAT/SPC composites as a function of time.

Table 2.3 Tensile properties of different PBAT/SPC (70/30 w/w) blends before and after 24h
water immersion
Dry test
PBAT/SPC H2O%a

70/30

Wet test

Strength
(MPa)

Modulus
(MPa)

Elongation
(%)

Water
uptake
(%)

Strength
(MPa)

Modulus
(MPa)

Elongation
(%)

22.5

19.3±0.6

411±48

40.1±5.2

5.0

15.1±0.1

295±1

106±7

7.5

11.2±0.1

287±10

64.6±5.8

4.2

10.1±0.1

235±6

101±8

<1

11.0±0.1

274±17

80.5±6.5

4.5

10.9±0.1

195±2

216±9

a. Total water content in pre-compounding SPC includes the 7.5% water of the native SPC as
received.

57

Figure 2.14 compares the stress-strain curves of PBAT/SPC (70/30 w/w) composites before
and after soaking in water for 24 h. In our previous study (Zhang et al 2001), SP sheet made of
SPI alone absorbed as much as 120% water in a 24-h period and almost completely lost its
mechanical strength. In this study, after 24-h immersion in water, the water absorptions were 5.0,
4.2 and 4.5% for the blends prepared from SPC containing 22.5, 7.5 and 0.6% H2O, respectively.
The wet strength of the SP blends can be greatly improved by blending with other hydrophobic
thermoplastics. Table 2.3 shows the tensile mechanical properties of PBAT/SPC (70/30 w/w)
blends before and after 24h submersion in water. The wet strength was ca. 78.2% of the
mechanical strength tested in the dry state for the PBAT/SPC-22.5%H2O blend, while for the
PBAT/SPC-7.5%H2O and PBAT/SPC-0.6%H2O blends, the tensile strengths barely reduced
after water absorption for 24h. However, the modulus displayed a larger extent of loss than
strength. All three blends showed decreased modulus in the wet state compared to that in dry
state (Table 2.3). The extent of modulus loss of each blend after soaking corresponded well with
its water uptake at 24 h. Since SPC is a rigid phase, the loss of mechanical properties of
PBAT/SPC blends after water absorption could be attributed to the failure of SPC contributions
from surface layers of the blends due to the hydrophilic nature of SPC.
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Figure 2.14 Effect of water content in pre-compounding SPC on the stress-strain curve of
PBAT/SPC (70/30 w/w) composites after 24h water immersion.
2.4 Conclusions
The phase morphology of SPC blends with PBAT can be manipulated greatly by exploring
the plastic characteristics of SPC. By varying the water content in the pre-compounding SPC
from low to high, the SPC phase changed from rigid (non-deformable) filler to deformable filler
to plastic in the compounding process. While dry SPC behaved like rigid filler in blending,
native SPC containing 7.5% H2O as received were able to fuse with each other and showed a
very limited deformability in the process, resulting in the formation of large domain sizes. When
containing 22.5% water, SPC behaved like a plastic and underwent considerable deformation
during mixing with PBAT. The blend showed a clear tendency to form an interconnected
network structure of SPC as the water content in formulated SPC increased. Rheological and FE
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SEM studies showed that the critical water content in pre-compounding SPC is 10% to form
fully percolated structure, and mechanical interlocking reinforcing mechanism was coined by FE
SEM study. As the water content in pre-compounding SPC increased, more interlocking loops
were observed, suggesting superior percolated structure and the resulted higher mechanical
property. The PBAT/SPC blends exhibited a substantially higher storage modulus than neat
PBAT, particularly in the region of the PBAT rubbery state. The thermal properties of
PBAT/SPC blends displayed similar behavior to that of neat PBAT; both neat PBAT and PBAT
in the blends exhibited minor crystallization. Water resistance of SPC plastic was significantly
improved by cooperating with PBAT. The water uptake for the blends with different water
content in pre-compounding SPC showed similar value. However, the tensile mechanical
properties of the PBAT/SPC (70/30 w/w) were significantly reduced after 24h water absorption.
The molecular weight of PBAT in blends exhibited a 9 to 16% decrease depending on the
pre-compounding SPC condition, suggesting that water (or moisture) present in blending process
and the functional groups in SP both influenced the hydrolysis and thermal degradation. Melt
processing greatly reduced the solubility of soy protein, suggesting that extensive cross-linking
occurred during blending.
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Chapter 3 Effect of SPC Content on the Properties of PBAT/SPC
Blends

ABSTRACT

In this study, SPC was blended as plastic with PBAT. An extra amount of water was added to
SPC prior to compounding to ensure that SPC behaved as plastic during mixing. Because of the
extensive crosslinking during compounding and the evaporation of most water after drying the
compounds, the SPC phase was not able to flow like a plastic in the subsequent processing.
Therefore, the compounds became in-situ formed composites. The effects of SPC loading level
on the morphological, rheological, tensile and dynamic mechanical properties as well as impact
mechanical

properties

of

PBAT/SPC

blends

were

studied.

With

maleic

anhydride-g-poly(butylene adipate-co-terephthalate) (PBAT-g-MA) as compatibilizer, the
formation of fully percolated SPC network structure was observed in the blends with high
SPC/PBAT composition ratios, subsequently, drastic changes in rheological properties,
mechanical and dynamic mechanical properties of the blends were noted.

Keywords: soy protein blends, poly(butylene adipate-co-terephthalate), percolation network,
bioplastics
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3.1 Introduction
In recent years soy protein (SP) has received great interest for plastic applications. SP can be
used as a plastic material alone, or used as a component in polymer blends. When SP is used
alone or blended with other natural polymers, the resulting SP plastics were very water/moisture
sensitive and exhibited poor flowability in processing, such as extrusion or injection molding,
unless a large amount of plasticizer was added(Zhang et al 2001) (Chen and Zhang 2005).
Blending SP with other hydrophobic thermoplastic polymers is the most economical means to
overcome many problems associated with SP plastic materials. SP has been blended with various
biodegradable polymers, such as poly(butylene succinate-co-adipate) (John and Bhattacharya
1999), polycaprolactone (John and Bhattacharya 1999) (Zhong and Sun 2001) (Mungara 2002)
(Wang 2002a) (Nayak 2008) (Deng 2006), poly(hydroxyl ester ether)(Wang 2002a),
poly-ε-caprolactone (Choi 2006), poly(vinyl alcohol) (PVA) (Su 2007) and poly(butylene
adipate-co-terephthalate)(Graiver 2004), and with non-biodegradable polymers such as
poly(ethylene-co-ethyl acrylate-co-maleic anhydride) (Zhong and Sun 2003), polyurethane
(Chang 2001) and styrene-butadiene latex (Jong 2005). However, in these studies SP was only
used as an organic particulate filler.
We recently investigated the blending of PBAT with SPC formulated with extra water
(Zhang 2006) (Liu 2010) (Chen 2009). The extra water combined with the absorbed water in the
as received SPC together was able to gelate SPC to a certain degree and subsequently plasticize
the gelled SPC, rendering certain flowability/deformability of the SPC phase in the blending
process. The development of SPC phase morphology in processing and the SP phase structure
clearly depended on the water content in the pre-compounding SPC (Chen 2009). As a result, the
SPC domain in the resulting blends displayed interconnected thread network structures (Chen
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2009), and even a co-continuous structure was noted in certain cases (Zhang 2006). These SPC
blends demonstrated significantly higher strength and modulus than the blends using SPC as
filler (Liu 2010) (Chen 2009). It is worth mentioning that because of the extensive crosslinking
of SPC occurred during compounding and further drying of residual water thereafter, the SPC
phase in the blends became very rigid and lost its flowability in subsequent processing, and
therefore the blends behaved like in-situ formed composites. This is particularly valid in the
blends with soft polymers such as PBAT whose modulus was only about one-twelfth of that of
SPC (Chen 2009). Similar delicate phase structures and hence superior properties of SP blends
obtained by having extra water in the pre-compounding SPC were also noted in a few other
recent studies(Wang 2005) (Li 1985) (Li 2008) (Sailaja 2008).
It is well recognized that the composition ratio is a key factor affecting the overall properties
of polymer blends, especially with a rigid phase dispersed in a soft polymer matrix. For a blend
system comprising two phases, composition ratio is a direct parameter that could result in
dispersed phase or co-continuous phase. The polymer blends with co-continuous phase have
many superior properties than that with dispersed phase. When the minor phase component
formed a single phase structure, it behaved like a matrix component, and therefore could more
effectively contribute its property to the blend. The polymer blend with co-continuous phase has
excellent barrier functionality. Percolated structure, which depicts the structure of a composite
with minor phase end-touching (e.g. for conductive materials), is similar to co-continuous phase
structure, except that the cross-points of the minor phase do not coalescence with each other. It is
not hard to understand that percolated structure is firmly related to polymer blend composition
ratio. Percolated structure can hardly be formed with only a little amount of the minor phase.
Only when the minor phase reaches a certain amount, the percolated structure could be formed.
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High loading level of the minor phase favors the formation of the percolated structure. Hence,
for compatibilized PBAT/SPC blends, SP content plays an important role in determining the
phase structure and the performance of PBAT/SPC blends (Su 2007) (Zhang 2006).
In this study, a series of PBAT/SPC blends were prepared by extrusion and the test
specimens were prepared by injection molding. The major objective of this study is to investigate
the effects of SPC loading level on the phase structure and the mechanical properties of
PBAT/SPC blends. The water content in the pre-compounding SPC is fixed at 22.5% (to 100
part SPC on dry weight basis added 15 part H2O). The effects of SPC content on the phase
morphology/structure and performance of PBAT/SPC blends were studied in detail. The critical
SPC content for the formation of fully percolated SPC phase structure was identified.

3.2 Experimental
Materials. SPC (Arcon F) was provided by ADM (Decatur, IL) and contained ca. 7.5 wt%
moisture as received. PBAT (Ecoflex F BX 407) was provided by BASF (Florham Park, NJ).
Maleic anhydride (MA) (95%) was purchased from Aldrich. Maleic anhydride (MA) grafted
PBAT (PBAT-g-MA) was prepared by reactive extrusion of PBAT with 5% MA and 0.5%
dicumyl peroxide on the basis of PBAT weight, and the unreacted MA was removed under high
vacuum at 80°C (Jiang 2008). The degree of grafting was found to be 1.40 wt% by titration.
Blend Preparation.

SP was formulated and contained the following ingredients: SPC

(100 parts, on the basis of dry weight), sodium sulfite (0.5 parts), glycerol (10 parts) and water
(15 parts). The formulated SPC was mixed using a kitchen blender, then stored in sealed plastic
bags and left overnight at room temperature to equilibrate (hereafter “pre-compounding SPC”).
The mixture of formulated SPC (measured on the basis of SPC dry weight), PBAT and
PBAT-g-MA was compounded using a co-rotating twin-screw extruder (Leistriz ZSE-18)
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equipped with 18-mm diameter screws having an L/D ratio of 40. All blends comprised 3 parts
by weight of PBAT-g-MA on the basis of 100 parts of blend, and that 3 parts of PBAT-g-MA
meant to replace an equal amount of neat PBAT in the formulation mixture. The extruder screw
speed was maintained at 80 rpm for all runs, and the eight controlled temperature zones were set
at 99, 110, 145, 145, 145, 145, 145, and 140°C, respectively, ranging from the feeding segment
to the die adaptor. The extrudate was cooled in a water bath and subsequently granulated by a
strand pelletizer. Pellets were exposed in the air for 4 h to further evaporate the residual surface
moisture and then dried in a convection oven at 90°C for 12 h or longer until the residual water
within the pellets was less than 1%. The resulting blends are named thereafter “PBAT/X%SPC”,
here X denotes the weight percentage of SPC in the blends. A Sumitomo injection molding
machine (SE 50D) was used to prepare the test specimens. The temperature zones of the barrel
were set at 155, 160, 160 and 155°C from the feeding section to the nozzle. Mold temperature
was set at 50°C and cooling time was ca. 30s. All specimens for mechanical and characterization
test were conditioned for one week at 23±2°C and 50±5%RH.
Tensile test. Tensile tests were performed on an 8.9-kN, screw-driven universal testing
machine (Instron 4466) equipped with a 10-kN electronic load cell and machine grips. The tests
were conducted at a crosshead speed of 5 mm/min with strains measured using a 25-mm
extensometer (MTS 634.12.E-24). All tests were carried out according to the ASTM standard
(ASTM D638, type I specimens) and 5 replicates were tested for each sample to obtain an
average value.
Dynamic mechanical analysis and rheology test. Dynamic mechanical properties were
measured by a dynamic mechanical analyzer (DMA, TA Q-800). DMA specimens (12.6×3.2×35
mm3) were cut from the injection molded samples and conditioned in the same environment as
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tensile samples. DMA test was conducted on a single-cantilever fixture at a frequency of 1Hz.
All tests were conducted at an amplitude of 30μm using a 2oC/min temperature ramp from -70oC
to 140oC. The weight loss of specimen through the DMA test was measured to be ca. 1% for all
samples, which could be approximately assumed as the residual moisture and some volatiles in
the SPC phase.
Dynamic rheological properties of the SPC/PBAT blends were measured using a
strain-controlled rheometer (Rheometric Scientific, RDA III), with a parallel-plate geometry (d =
25 mm) at 1Hz frequency, operated at 160oC. The gap distance between the parallel plates was
1mm for all tests. A strain sweep test was initially conducted to determine the linear viscoelastic
region of the materials, and then a dynamic frequency sweep test (strain: 3%, frequency: 0.01 to
500rad/s) was performed. All test samples were cut from the injection molded specimens after
conditioning, since the water content of the specimen was assumed marginally as ca. 1% by
DMA test; no additional protection during the test was taken.
Microscopy. Field Emission Scanning Electron Microscopy (FE SEM, Quanta 200F) was
used to examine SPC domain structure and morphology of the blends. All specimens were
sputter coated with gold prior to examination. AFM measurements were carried out using a
NanoScope IIIa controller equipped with an AS-130(“J”) scanner in ambient conditions. Silicon
cantilevers NSC15/no Al (MikroMasch, USA) were used for the intermittent contact (tapping)
mode operation. Scan rate was varied from 0.1 Hz to 0.5 Hz, depending on the image quality.
The AFM sample was taken from the central part of the injection molded bar and the AFM
smooth section for observation was the lateral surface (i.e. the flow direction) prepared by a
Powertome X (Boeckeler Instrument) ultramicrotome. The SPC phase was isolated from the
blends by Soxhlet extraction for 7 days to completely remove PBAT. The isolated SPC was
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added into chloroform (99+%) and was gently stirred for 30 seconds to maximally retain the
original SPC phase structure; finally the suspension was spin coated on mica slices.
Impact test. Notched Izod impact tests were performed according to ASTM D256 method C
on a plastic impact tester (Tinius Olsen). The flexural test samples were cut into halves and the
halves far from the gate (far end) were used for the impact testing. All samples were notched
according to the ASTM standard using a cutter with a tip radius of 0.25 mm; the distance
between notch tip and the other side of the specimen was ca. 10mm.
Water absorption and Wet strength test. The water absorption test was conducted
following the ASTM D570-81with a slight modification. The straight bar injection samples were
conditioned for 7 days at 23°C and 50%RH prior to the testing and then immersed in distilled
water at room temperature until the weight gain of the sample became steady. The percentage
weight gain was taken as the water absorption value. Five replicates were tested for each sample.
Wet strength test were performed on the conditioned dog-bone injection samples after being
immersed in water for 24 hours. The same testing machine as in the tensile test was applied to
obtain the wet strength of the composites. Also, five replicates of each sample were tested to
obtain the average value.

3.3 Results and Discussion
3.3.1 Effects of SP loading level on SP phase morphology
Figure 3.1 shows that the size and shape of the SPC domains also varied with SPC content.
SPC appeared to experience different degrees of deformation depending on SPC loading levels.
As the SPC content increased, the SPC domains became finer and more stretched. At 15% SPC,
a large portion of SPC existed in approximately ellipsoidal particulates. When SPC content
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increased to 30 or 50% in the blends, however, most of SPC domains became fine and elongated
threads. Because all blends in Figure 3.1 were prepared with SPC containing 15% extra water
prior to compounding, a similar deformability of the SPC domain was expected during
compounding. On the other hand, the melt viscosity of the blends during mixing increased with
SPC content, resulting in increased shear stress experienced by the SPC phase. Therefore, SPC
underwent larger deformation and appeared like more stretched threads with high SPC content.

a

b

c

d

e

f

Figure 3.1 Effect of SPC content on the SPC phase morphology in the compatibilized
PBAT/SPC blends. SPC was isolated by Soxhlet extraction using chloroform to completely
remove PBAT. SPC content in the blends: a, 50 %; b, 30%; c, 25%; d, 20%; e, 15%; f, SPC
particle as received. SEM samples were prepared by spin coating the isolated SPC on mica
slices.
The changes of SPC size and shape with SPC content in turn influence the phase structure of
the blends. Figure 3.2 shows the higher resolution phase topography of the blends. Tapping
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mode AFM was performed on the blends. Because the elastic modulus of SPC is higher than that
of PBAT, the bright yellow area is the SPC phase and the dark brown area is the PBAT phase.
Figure 3.2a and b reveal the percolated SPC phase morphology in the blends having 50 and 30%
SPC, respectively, and Figure 3.2c shows the dispersed SPC phase in the matrix for the blend
with 15% SPC.

a

b

c

Figure 3.2 High resolution AFM micrographs of the PBAT/SPC blends containing 3 parts
PBAT-g-MA. a: PBAT/SPC 50/50 (w/w); b: PBAT/SPC 70/30 (w/w); c: PBAT/SPC 85/15 (w/w).

3.3.2 Dynamic rheological properties and rheological percolation
We previously demonstrated that blending PBAT with SPC containing extra water ended up
with the formation of in-situ PBAT/SPC composites (Chen 2009). The modulus of the SPC
phase in the blends was estimated to be more than twelve times higher than that of the PBAT
phase. This was attributed to occurrences of severe crosslinking of soy protein during
compounding and the evaporation of most water after drying of the blends, and therefore SPC
was not able to flow, and behaved more like a solid afterward. Accordingly, the resulting
PBAT/SPC blends displayed rheological behavior similar to that of composites. Dynamic
rheological measurement is a sensitive method in characterizing the morphological structure of
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polymer blends and composites because the structure of materials is reserved under small strain
test condition (Utracki 1989). Figure 3.3 shows that both storage modulus (G') and loss modulus
(G'') of the blends increased monotonously with SPC content. PBAT melt demonstrated a typical
liquid-like behavior in the terminal (low frequency) zone where both G' and G'' smoothed out. It
is well known that the addition of rigid filler into a neat polymer will result in pronounced elastic
properties and long relaxation times (Graebling 1993). The viscoelastic response of the blends
was mainly altered in the terminal zone. As the SPC content increased from 0 to 50%, in the
terminal zone the slopes (n, scaling exponent) of log(G') vs. log(ω) and log(G'') vs. log(ω)
changed from 1.75 to 0.17 and from 0.94 to 0.29, respectively. This increasing
frequency-independence of both G' and G'' with SPC content suggests that the melt became
pseudo-solid-like at low frequencies. This obvious deviation of rheological properties of the
blends from the typical liquid-like behavior of pure polymer melt was attributed to the solid
nature of SPC in the melt. The effects of SPC content on G' and G'' of the blend melts can also be
seen in the relative increases of G' and G'' with respect to those of the neat polymer PBAT, as
shown in the insets of Figures 3.3a&b. The drastic decrease in scaling exponent and the quick
rise in relative increases of G' and G'' at higher SPC content (25% and higher) indicate the
formation of certain degree of interconnected SPC network structure (percolation) in the matrix
(Chen 2009) (Kota 2007).
Furthermore, the increased melt elasticity of the blends was also reflected in the influence of
SPC on complex viscosity η*. Compared with the η* of the pure polymer, a general increase in
η* of the blends was noted in the whole frequency range and the magnitude of increase was
especially large in the terminal zone (Figure 3.3c). In the terminal zone, the plot of log(η*) vs.
log(ω) for the neat PBAT showed a Newtonian (primary) plateau. For the blends, this primary
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plateau quickly disappeared with increasing SPC content and the melt displayed a significant
shear-thinning behavior at higher SPC content across the whole frequency range, suggesting the
formation of percolated SPC structure.
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Figure 3.3 Effect of SPC content on dynamic rheological properties of the compatibilized
PBAT/SPC blends. Strain = 3%, temperature = 160°C. The insets showed the relative increase in
moduli at ω=0.1 rad/s with respect to those of the neat PBAT (G'0 and G''0) as a function of SPC
content in blend. The number in parentheses was the corresponding n value in the terminal
region.

The phase morphology of a composite depends on the filler size, geometry and loading level
(Mitsuishi 1985). As seen in Figure 3.1, SPC was overwhelmingly in elongated threads in the
blends when it comprised 25 wt% or higher, hence possessing large average L/D ratios than the
SPC which took up 20 wt% or lower in the blends. These changes of SPC size and geometry
with SPC content in turn influence its phase structure in the blends. Figure 3.4 shows the
percolation of the SPC threads that were observed after the PBAT phase was extracted using
chloroform. It is interesting to note the presence of some interlocking loops of the SPC threads in
the percolated structure. Such interlocks might also contribute to high elasticity of the melt in

76

terminal zone and the reinforcement of the blends as discussed in the latter section.

a

c

b

Figure 3.4 FE SEM micrograph of Soxhlet extracted SPC in the compatibilized PBAT/SPC
blends showing the mechanical interlocking mechanism of percolated SPC phase structure in
(a).PBAT/SPC (50/50 w/w); (b).PBAT/SPC (70/30 w/w); (c).PBAT/SPC (75/25 w/w).

The formation of pseudo-solid-like network structure of percolated threads was also
manifested in the plots of log(G') and log(G'') values vs. log(ω). Similar to neat PBAT, blends
with 15 and 20% SPC in which SPC was dispersed in PBAT all showed lower G' than G'' within
the whole frequency range tested, suggesting SPC behaved like a ordinary particulate filler in
these two cases. However, the blends with 25 -50 wt% SPC in which SPC network structure was
formed all displayed higher G' and G'' in the low frequency region and the disparity was
proportional to the SPC content. At higher frequencies, crossover of G' and G'' was noted. This
was probably due to the destruction of the network structure at high shear rates and the melt
again behaved more like a dispersed polymer composite system. Similar behavior was also
reported for the polystyrene/carbon nanotube composites with percolated structures (Kota 2007).
The overtaking of G'' by G' in the melt state was also observed in the curing of thermosetting
resins such as polyurethane above the gel point where the crosslinked network structure was built
up(Wilkinson 1999). It is worth mentioning that crossover point shifted to higher frequency as
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the SPC content increased, being 0.1, 1 and 10 rad/s for the blends containing 25, 30 and 50%
SPC, respectively. This shift was attributed to higher degree of interconnectivity and interlocking
of the percolated structure. Similar shift phenomenon was also mentioned in the study of linear
viscoelastic response of semi-flexible polymer (Morse 1998).
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Figure 3.5 Crossover of G' and G'' curves showing percolation threshold for the compatibilized
PBAT/SPC blends.

3.3.3 Tensile mechanical properties
The mechanical properties of polymer blends strongly depend on their composition,
interfacial adhesion and morphological structures. The stress-strain curves of the blends (Figure
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3.6) showed a typical tensile behavior of polymer blends or composites of a rigid dispersed phase
in a soft matrix with good interfacial adhesion. Tensile strength and modulus increased
continuously with SPC content varying from 15 to 50%, while the strain at break monotonously
decreased with SPC content. Particularly, the tensile properties exhibited drastic changes when
SPC content increased from 25% to higher. Usually the influences of the filler content and the
formation of network structure of the filler are manifested more clearly in the changes of
mechanical properties at yield and the elastic modulus. Figure 3.7 clearly shows that the changes
of elastic modulus and yield stress as well as yield strain with SPC content experienced a
transition at around 25% SPC. Elastic modulus and yield stress of the blends demonstrated a
large change when the SPC content was increased from 25 to 30%, respectively, while the yield
strain smoothed out thereafter. These results suggest that the critical loading level of SPC for the
formation of percolated phase structure was around 25%, and they were consistent with the
above studies of phase morphology and rheology. The results of tensile test of these blends are
summarized in Table 3.1.

79

25

neat PBAT
15%SPC
20%SPC
25%SPC
30%SPC
50%SPC

12±1%

Stress (MPa)

20

40 ± 5%

15

227 ± 11%
342 ± 2%
408 ± 26%

10

>800%
5

Neat PBAT
0
0

10

20

30

40

100

Strain (%)
Figure 3.6 Effect of SPC content on the stress-strain curves of PBAT/SPC blends (containing 3
parts of PBAT-g-MA)
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Figure 3.7 Effect of SPC content on yield stress/strain and elastic modulus of compatibilized
PBAT/SPC blends (offset strain is set at 1%).

Table 3.1 Effects of composition on tensile properties and Tg of PBAT/SPC blends.
PBAT/SPC
E
σb
εb
σy1
εy
Tg2
(w/w)
(MPa)
(MPa)
(%)
(°C)
50/50
937±77
24.5±0.7
11.6±1.6
18.3±0.6
3.6±0.1
-16.2
60/40
539±13
15.7±0.1
17.1±0.6
12.9±0.1
4.9±0.1
-16.1
70/30
411±48
19.3±0.6
40.1±5.2
10.9±0.4
3.9±0.2
-16.1
75/25
287±8
14.7±0.3
227±11
6.9±0.1
3.9±0.1
-15.2
80/20
218±1
15.5±0.1
342±1.7
6.0±0.7
4.1±0.1
-15.1
85/15
156±4
14.0±0.1
408±25.9
5.3±0.2
4.7±0.1
-16.0
1. Yield stress and strain were measured with 1% offset following the ASTM D638.
2. Tg was measured from the peak temperature of α-transition from the DMA experiment.
3.3.4 Dynamic Mechanical Analysis
Dynamic mechanical properties of the blends are also greatly affected by the phase structure.
Figure 3.8 compares the DMA results of neat PBAT and PBAT/SPC blends with different SPC
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loading levels. Neat PBAT displayed a major damping peak at -15.5°C associated with a drastic
drop in storage modulus (E′). Interestingly, it also showed a minor damping peak at 61°C
associated with a mild decrease in E′. This result suggests that although in general PBAT is a
random aliphatic-aromatic copolyester, it shows two glass transition regions with the one at
lower temperature (Tg1) associated with the flexible aliphatic domain and the one at higher
temperature (Tg2) with the rigid aromatic domain. The relative small drop in E′ corresponding to
Tg2 also indicated the terephthalate monomer is minor in the copolyester. A similar observation
of the two Tgs for PBAT was also reported by Dacko et al. It was noted that the Tg1 of PBAT in
the blends was slightly lower than that of the neat PBAT, suggesting that SPC was not soluble in
PBAT. Because the Tg2 of PBAT overlapped with the damping peak area of the SPC phase
(Zhang 2006), the values of Tg2 of PBAT in the blends could not be properly identified from the
damping peaks. On the other hand, the peak height of Tg1 of PBAT in blends was substantially
lower than that of neat PBAT and continuously decreased with SPC content. Because the
modulus of SPC was ca. 12 times higher than that of the neat PBAT and SPC was largely in the
glassy state in the testing temperature range of the DMA experiment, Similar to other filler filled
polymer systems (Sumita 1984), E' of the PBAT/SPC blends was significantly higher than that of
the neat PBAT, and increased with filler content in the whole testing temperature range.
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Figure 3.8 Effects of SPC content and compatibilizer on the dynamical mechanical properties of
PBAT/SPC blends.

3.3.5 Water Absorption and wet strength
As we mentioned in the last chapter, water resistance and wet strength for plant-based
biodegradable plastics are important parameters in practical application. In PBAT/SPC blends,
PBAT is a hydrophobic plastic while SPC is a hydrophilic polymer; hence, it is reasonable to
believe that the loading level of hydrophilic phase SPC could significantly affect the water
absorption of the blends. Figure 3.9 shows the water uptake curve for PBAT/SPC blends with
different composition ratios. Water uptakes within the initial 24h were ca. 2.1, 5, 6.2 and 14% for
the blends with 15, 30, 40 and 50%SPC, respectively, while the maximum water uptakes are
ca.11.9, 22, 23.7 and 28.6%, respectively for these blends, increasing with the SPC loading level.
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The low water absorption of the blends in the initial 24 hours and the equilibrium state suggested
excellent water resistance of the PBAT/SPC composites. For all the blends, the water uptake fell
off at the end, which may be due to the slow dissolution of SPC into water. Table 3.2 shows that
after 24 h submersion in water, the PBAT/SPC (85/15 w/w) composites still retained the original
strength with a slight decrease of the modulus in the dry state. For the blends with 30% SPC, wet
strength was ca. 78.2% of the strength in the dry state and was further reduced to ca. 32.5% of
the strength in the dry state for the blends with 50% SPC. The increasing loss in wet strength
might be attributed to the SPC percolated structure in blend, which provided interconnected
hydrophilic traces. Similar to the discussion in the last chapter, the evidence of this could also be
recognized from the drastic drop of the modulus for the blends with SPC percolated structures,
where the SPC structure in the blends was moisturized and lost the original rigidity.
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Figure 3.9 Water uptakes of PBAT/SPC composites as a function of time.
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Table 3.2 Tensile mechanical properties of PBAT/SPC blends with 3 parts of PBAT-g-MAa
before and after 24h water absorption
PBAT/SPC

Dry test

Wet test

(w/w)

Strength
(MPa)

Modulus
(MPa)

Elongation
(%)

Water uptake
(%)

Strength
(MPa)

Modulus
(MPa)

Elongation
(%)

50/50
70/30

24.5±0.7
19.3±0.6

937±77
411±48

11.6±1.6
40.1±5.2

14
5.5

7.96±0.1
15.1±0.1

703±3
295±1

2.88±0.2
106±7

85/15

14.0±0.1

156±4

408±25.9

2.4

14.4±0.3

131±5

524±34

a. PBAT-g-MA content was based on the total weight of PBAT (counting the compatibilizer)
and SPC
3.3.6 Impact strength and fracture morphology
Figure 3.10 shows the effect of composition on the impact strength of PBAT/SPC blends. It
can be seen that the impact strength deceased with the increase of SPC content in the blends. The
blends with SPC content less than 25% cannot be broken by the testing device. Compared with
the brittleness of neat SPC plastics, the high ductility and toughness of PBAT has proved to be
an effective complement for improved toughness of the blends. In Figure 3.11, the micrographs
of impact fracture surfaces suggested the fracture mechanism for the blends with different SPC
loading levels. The blends with high SPC content, such as 40 and 50%, appeared less ductile
than the blend with 30% SPC. While the fractures of the blends with 40 or 50% SPC appeared to
involve extensive break up of the rigid SPC filaments (Figures 3.11a & b), the fracture of the
blend with 30% SPC exhibited significant plastic deformation of the PBAT matrix on the
fracture surface.
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Figure 3.10 Effect of SPC loading level on the impact strength of PBAT/SPC blends.
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Figure 3.11 Effect of SPC loading level on the impact fracture morphology of PBAT/SPC
blends. SPC loading level in the blends are 50% (a); 40% (b) and 30% (c).
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3.4 Conclusions
The phase morphology of the compatibilized PBAT/SPC blends was found to be
significantly influenced by SPC loading level when 15% extra water was added to SPC prior to
compounding. With the same deformability of SPC, higher SPC loading levels led to finer and
more elongated SPC domains in the blends. For PBAT/SPC blends compatibilized with 3 parts
PBAT-g-MA, the formation of percolated SPC network structure was noted at ca. 25% or higher
SPC content, as revealed by analyses of morphological structure, dynamic rheological properties,
and mechanical properties of the blends. The percolated SPC structure greatly improved the
mechanical properties of the PBAT/SPC blends, such as yield stress, tensile strength, elastic
modulus and storage modulus, while yield strain and strain at break were significantly reduced
with SPC content. Dynamic mechanical properties of the blends were also greatly affected by the
phase structure, and higher SPC loading level resulted in higher storage modulus in both glassy
and rubbery regions, while the damping peak area decreased with the SPC content in blends.
Glass transition temperatures of neat PBAT and all the PBAT/SPC blends were almost the same.
Reduced ductile behavior was revealed for the blends with higher SPC content, while water
resistance was reduced with SPC loading level expectedly.
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Chapter 4 Effect of Shear Stress and Plasticization on Phase
Structure and Properties of Soy Protein Concentrate Blends

ABSTRACT
Water content in pre-compounding soy protein concentrate (SPC) and poly(butylene
adipate-co-terephthalate)(PBAT)/SPC composition ratio have been thoroughly studied and been
proven to have significant influence on SPC phase structure and overall property of the polymer
blends. In this study, by applying an empirical model, we further investigate these two factors
through quantitatively evaluating the aspect ratios of SPC particles by ImageJ, providing solid
evidence for the formation of percolated structure in the polymer blends. The correlation of
water content effect and SPC content effect on the blend property was also explored by minitab
software; it was shown that the influence of water content depended on SPC loading level in the
blends. The change of rheological, morphological and mechanical behaviors of the blends with
water content in pre-compounding SPC varied at different SPC loading levels. Two way
interaction fixed effects model confirmed the significant influence of these two factors and their
interactions on the phase structure and mechanical properties of the blends from statistical
perspective. The predictions of SPC percolation using the empirical model was shown to agree
well with the experimental results for the PBAT/SPC blends.

Key word: soy protein blend, aspect ratio, interaction, rheological percolation
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4.1 Introduction
Bio-based polymeric materials have received great attention from both general public
polymer and plastics industry itself. Soy protein (SP), the residue from oil crushing of soybean,
has been investigated by researchers as a standing-alone melt-processable polymer material
(Wang and Zhang 2005) (Chen and Zhang 2005a) (Mo and Sun 2003) (Sun 1999), a plastic
component in blending (Chen and Zhang 2009) (Zhang et al 2006), or a simple filler in various
polymer matrix (Zhong and Sun 2003) (John and Bhattacharya 1999) (Wang et al 2002a). The
strong intra- and intermolecular interactions of SP make its melt processing very difficult unless
a large amount of plasticizer, usually water, glycerol or both, is present. For melt processing of
SP, sodium sulfate is often used to break the intramolecular disulfide bonds and to assist
unfolding of the polypeptide chains (Shimada and Cheftel 1989) (Jane 1996). Processing SP as
plastic alone in both neat form or blending with others is complicated by several changes on SP
molecular level including gelation(Hermansson 1986), plasticization(Chen and Lina Zhang 2005)
(Zhang et al 2001) (Chen and Zhang 2009), chain unfolding(Mo and Sun 2002) (Kitabatake and
Tahara 1990) and intermolecular crosslinking (Wu and Lina Zhang 2001), (Park et al 2000),
(Zhang et al 2001). Water is indispensible in melt processing of SP. However, neat SP plastics
have some intrinsic problems such as poor processibility, brittleness and water/moisture
sensitivity. Blending SP with other hydrophobic thermoplastic polymers is the most economic
means to overcome many problems associated with SP plastic.
Recently, we studied processing SP as a plastic component in blending with other
thermoplastic polymers (Chen and Zhang 2009) (Zhang et al 2006). Water was proven to be
necessary for SP to be processed like a plastic component in compounding, though its content in
the unprocessed SPC was generally much lower than that needed for melt processing of neat SP.
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Water was demonstrated to play a determining role in plastic deformation of the SPC phase
during mixing. Increasing water content in the pre-compounding SPC greatly enhanced the
deformability of the SPC phase and eventually resulted in finer and more elongated SPC thread
structure (Chen and Zhang 2009). Formation of percolated SPC network structures was noted in
many thus prepared blends. Therefore, superior strength and modulus of the polymer blends
were obtained by processing SP as plastic instead of filler (Chen and Zhang 2009) (Zhang et al
2006). We further reported that the deformation of SPC phase in compounding process increased
with SPC loading level, as displayed in the finer and more stretched SPC threads (Chen and
Zhang 2010). It should be mentioned that owing to the limited amount of water and/or glycerol
in the pre-compounding SPC in our previous studies, SPC was not in a true melt state during
compounding as neat SPI was melt processed under extremely high water and/or glycerol level
(Wang and Zhang 2005) (Zhang et al 2001) (Ralston and Osswald 2008). The plastic behavior of
SPC in this case was mainly due to deformation of the plasticized SPC under high shear stress in
the twin-screw extruder.
It is generally agreed that during mixing the droplets of the dispersed or minor phase are
deformed and stretched into filament by the flow filed till they reach a critical diameter, and the
filament break-up follows until the stresses generated by flow field can not overcome the surface
tension of the droplets formed (Sundararaj and Macosko 1995) (Willemse et al 1999).
Morphology of polymer blends, including the size, shape, aggregation, and orientation of the
dispersed phase, is influenced by composition, interfacial tension, time of the mixing, shear
stress, elasticity of the components, and viscosity ratio (Favis and Chalifoux 1988). Because
water serves the most effective plasticizer for SP, its concentration in the pre-compounding SPC
is anticipated to have great influence on the deformability or viscosity of SPC phase. Besides
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water, glycerol is also recognized as an excellent plasticizer for SP (Zhang et al 2001) (Chen and
Zhang 2005b) (Mo and Sun 2002), enhancing the flowability of SP molecules and hence
deformability. However, unlike water which is easy to evaporate after compounding and drying,
the excessive glycerol remaining in SP can result in a large reduction of mechanical properties.
Another parameter influencing the deformation of SPC phase could be shear stress; since the
melt viscosity increases drastically with SPC content, the shear stress exerted on the SPC phase
by the flow field also increases greatly. Consequently, high degree of deformation of the SPC
phase is expected.
Apparently, deformability of SPC phase and shear stress imposed by the polymer melt
significantly influenced the phase morphology and properties of PBAT/SPC blends. The major
objective of this study was to elucidate the influences of deformability of the SPC phase and
shear stress on development of phase morphology of PBAT/SPC blends. In this study, a series of
PBAT/SPC blends with varying SPC loading levels and different water contents in the
pre-compounding SPC were prepared by extrusion compounding and injection molding. The
morphological structure and mechanical, dynamic mechanical and rheological properties of the
resulting blends were studied. The dependence of the aspect ratio of SPC domain on water
content in pre-compounding SPC and SPC content in the blends was investigated. The possible
correlation between water content in the pre-compounding SPC and SPC content in the blend on
the morphological structure and properties of the blends was explored.

4.2 Experimental
Materials. SPC (Arcon F) was provided by ADM (Decatur, IL), and contained ca. 7.5 wt%
moisture as received. PBAT (Ecoflex F BX 407) was purchased from BASF (Florham Park, NJ),
having a weight-average molecular weight of 71.7 kDa and polydispersity of 1.60. Maleic
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anhydride (MA) (95%) was purchased from Aldrich. MA grafted PBAT (PBAT-g-MA) was
prepared by reactive extrusion using dicumyl peroxide 98% as initiator, and the residual MA was
removed under high vacuum at 80°C (Jiang et al 2008). The degree of grafting was 1.40 wt% as
determined by titration method.
Preparations of blends and test specimens.

SP was formulated and contained the

following ingredients: SPC (100 parts, on the basis of dry weight), sodium sulfite (0.5 parts),
glycerol (10 parts) and/or water. Three levels of water content in the SPC powder were selected:
0.6 wt% (vacuum dried at 70°C for 12 h), 7.5 wt% (native, as received) and 22.5 wt% (by adding
15% extra water to the native SPC), respectively. The formulated SPC was mixed using a
kitchen blender, then stored in sealed plastic bags and left overnight at room temperature to
equilibrate (hereafter “pre-compounding SPC”). The mixture of the formulated SPC, PBAT and
PBAT-g-MA was compounded using a co-rotating twin-screw extruder (Leistriz ZSE-18)
equipped with 18 mm screws having an L/D ratio of 40. The screw speed was maintained at 80
rpm for all runs, and the eight controlled temperature zones from the first heating zone to the die
adaptor were set at 99, 110, 145, 145, 145, 145, 145, and 140°C, respectively,. The vents of the
extruder were closed, and the screws had dynamic seal elements near the inlet to minimize the
escape of water vapor. The residence time was ca. 2 min during extrusion compounding. The
extrudate was cooled in a water bath and subsequently granulated by a strand pelletizer. Pellets
were exposed in the air for 4 h to further evaporate the residual surface moisture and then dried
in a convection oven at 90°C for more than 12 h (the residual moisture was less than 1%). The
resulting blends are named thereafter “PBAT/X%SPC-Y%H2O”, here X denotes the wt% SPC in
the blend and Y the water content in pre-compounding SPC. Test specimens were prepared by a
Sumitomo injection molding machine (SE 50D) with barrel zone temperatures set at 155, 160,
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160 and 155°C from the feeding section to the nozzle. Mold temperature was set at 50°C and
cooling time was ca. 30 s. All samples were conditioned for one week at 23 ± 2oC and 50 ± 5%
RH prior to mechanical tests and characterizations.
Microscopy. Field Emission Scanning Electron Microscopy (FE SEM, Quanta 200F) was
applied to investigate the SPC phase structure; the SPC phase was isolated by removing the
PBAT phase with extraction. The PBAT phase in the blends was removed by Soxhlet extraction
in CHCl3, and sample was wrapped in a pouch of filter paper to minimize the disturbance of the
SPC phase by the solvent flow. The isolated SPC was gently suspended in CHCl3 and spin
coated onto mica slices at low speed limit. The unprocessed SPC particles were also suspended
in CHCl3 and spin coated in the same way. All FE SEM specimens were sputter coated with gold
prior to examination.
Capillary Rheometer and dynamic rheology tests. Advanced Capillary Extrusion
Rheometer ACER 2000 (Rheometric Inc., USA) with a barrel diameter 20 mm and die
length-to-diameter ratio of 15 was used to measure the apparent shear viscosity and shear stress
of the samples at 160°C. The polymer melts were tamped and forced through the capillary tube
at various shear rates ranged from 25 to 2000 s-1 (a load cell and a pressure transducer were
installed at the top of the piston and the die inlet, respectively). Sufficient time was set at each
shear rate to guarantee the steady state of the polymer melt.
Dynamic rheological properties of the SPC/PBAT blends were measured using a
strain-controlled rheometer (Rheometric Scientific, RDA III) with a parallel-plate geometry (d =
25 mm). The gap distance between the parallel plates was 1mm for all tests. A strain sweep test
was initially conducted to determine the linear viscoelastic region of the materials, then a
dynamic frequency sweep test (strain: 3%, frequency: 0.01 to 500 rad/s) was performed at 160 oC.
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All test samples were cut from the injection molded specimens after conditioning. Since the
moisture content of the specimen after conditioning was tested as ca. 1%, no additional
protection during the test was taken.
Tensile test. Tensile tests were performed on an 8.9-kN, screw-driven universal testing
machine (Instron 4466) equipped with a 10-kN electronic load cell and machine grips. The tests
were conducted at a crosshead speed of 5 mm/min with strain measured using a 25-mm
extensometer (MTS 634.12E-24). All tests were carried out according to the ASTM standard and
5 replicates were tested for each sample to obtain an average value. All samples were tested after
one week of conditioning at 23 ± 2oC and 50 ± 5% RH.
Dynamic mechanical analysis. Dynamic mechanical properties were measured by a
dynamic mechanical analyzer (DMA, Rheometrics Solids Analyzer, RSAII). DMA specimens
(12.6×3.2×35 mm3) were cut from the injection molded samples and conditioned in the same
environment as tensile samples. DMA test was conducted on a dual-cantilever fixture at a
frequency of 1Hz. Strain sweep tests were performed on each sample to determine the linear
elastic region. All tests were conducted at a strain of 0.03% using a 2oC/min temperature ramp
from -45oC to 110oC. The weight loss of specimen through the DMA test was measured to be ca.
1% for all samples, which could be approximately assumed as the residual moisture and some
volatiles in the SPC phase.
Image analysis. ImageJ software was used to measure the aspect ratio of the extracted SPC
phase on the SEM images. Approximately 30 images including ca. 400 pieces of SPC
filaments/particles were measured and calculated to obtain the average aspect ratio of SPC phase
in each blend.
Statistical data analysis. Minitab statistical software package (Minitab 15) was used to
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examine the effect of water content in pre-compounding SPC and SPC content as well as their
interactions on the mechanical properties of PBAT/SPC blends through two way interaction
fixed effects model. Five replicates of each blend specimen were tested. The normal distribution
and constant variance assumptions of the model were checked by normal probability plot and
residuals vs. fits plot. Tukey method with 95% confidence level was used to perform the multiple
comparisons among the levels of one factor (water content or SPC content) with the other factor
(SPC content or water content) fixed.

4.3 Results and Discussion
4.3.1 Theory of SPC phase deformation during compounding process
For traditional polymer blends, the melt compounding process proceeds as the droplet
deformation and break-up until the balance between the shear stresses (τ) exerted by the flow
field and the interfacial stress (σ/R) of the droplets reached, where σ is the surface tension and R
is the local radius of the droplet. In microrheological study of polymer blends, capillary number
Ca is defined as
Ca = τR / σ

(1)

The capillary number determines whether the droplet phase will disperse or remain stable
within flow field. The local value of Ca decreases throughout the melt mixing process. During
the initial stages of mixing, the radius R of droplet phase is large; the interfacial stress σ/R is
overwhelmed by the shear stress if interfacial tension is considered constant during the process.
As the compounding proceeds, the original droplets will be extended into long slender filaments
in the shear field until the interfacial stress is increased to a critical value, Cacrit, at which point
the filaments will reach a critical diameter and the droplets break-up will occur provided the
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residence time is long enough (Janssen 1993). Basically, the droplet deformation in the
compounding process could be attributed to two effects: the viscosity ratio λ=η2/η1 as the
intrinsic cause and the growth rate of dominant capillary disturbance controlled by shear stress as
the extrinsic cause. The subscript 1 and 2 denote the matrix and dispersed phase, respectively.
Low viscosity ratio (especially when λ<1) favors the break-up of droplets. Melt mixing has been
shown to be a complex process, involving the competition between distributive/extensive mixing
(droplet elongation), dispersive/intensive mixing (resulting from capillary instabilities) and
droplet coalescence. Extensive mixing involves stretching; dividing and reorienting the flow of a
polymer melt while the intensive mixing involves a reduction in the size of the ultimate filler
particles. The driving force of droplet deformation is the shear stress, which is promoted by melt
viscosity, while rate of deformation achievable depends on viscosity ratio, and high interfacial
tension tends to coalescence the droplet and retains the spherical shape, therefore resisting its
deformation. Two types of flow exist in the extrusion process of polymer melt, and shear flow is
considered weaker than extensional flow and shear-induced structural changes have a profound
impact on the phase morphology and final properties of the polymer blends (Fujiyama 1995).
Shearing in extruder is recognized as the important factor in forming elongated and oriented
filler phase in the matrix, the phase morphology of the polymer blend experiencing extrusion is
quite different from that experiencing compression molding (Yui 2006). High shear viscosity,
hence the shear stress, could reduce the coalescence in the filled polymer phases (Potschke 2003).
Studies of HVPC/HDPE and LVPC/HDPE blends showed that low viscosity of the dispersed
phase and high melt shear stress in the compounding process are propitious to the deformation of
the dispersed phase and contributed to the large length/diameter ratio. Therefore, shear force in
polymer blending is crucial because it determines the phase morphology and overall properties
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of PBAT/SPC blends.
For PBAT/SPC blends, the interfacial tension could be considered as constant for all
formulations due to the hydrophilic nature of SPC and hydrophobic nature of PBAT as well as
the fact that all the blends were compatiblized by 3 parts of PBAT-g-MA. However, the viscosity
ratio of SPC/PBAT varied with the water content in pre-compounding SPC. Recall the
plasticizing role of water to SPC; higher water content in SPC prior to compounding reduced its
viscosity, rendering high deformability of SPC phase during blending. It should be noted that
similar to water, glycerol also contributes to the plastication of SPC before compounding. The
macrorheological properties of polymer blends with deformable fillers dispersed in a viscoelastic
fluid are usually a weighted average of the properties of the component polymers; the effect of
fillers on melt viscosity of such polymer system could be described as relative viscosity ηr=η/η0,
η and η0 are the viscosity of the filled system and the unfilled system. Relative viscosity is
another parameter besides viscosity ratio to characterize the flow behavior of the blends during
compounding and also it is more related to the shear stress, which is promoted by melt viscosity
η. The relative viscosity ηr is a function of filler volume fraction φ and the filler aspect ratio p.
The general relation for Newtonian fluids is

η r = [1 + αφ ]β

(2)

where α and β vary from model to model, and α is increased with the aspect ratio of fillers.
Hence, the melt viscosity η is proportional to the volume fraction and aspect ratio of the filler
phase. Recall that SPC particle with higher water content is more deformable due to the lower
viscosity ratio; the aspect ratio of SPC phase is expected to increase with the water content in
pre-compounding SPC at the fixed SPC loading level in blends. Moreover, as the SPC content in
the blends increased, the relative viscosity will be increased as well according to equation (2).
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Therefore, the shear stress promoted by melt viscosity will exert more influence on the SPC
filaments, which yielded further elongated SPC phase morphology. The influences of water
content and SPC content on shear stress could be seen from Figure 4.2. It is important to realize
that SPC, as a plant polymer, has much higher viscosity than most of the plastics, even with the
plastication by water and glycerol. During the compounding of polymer blends, the required
shear stress is higher for dispersive mixing (droplets break-up) than distributive mixing (droplets
deformation). The shear stress in the melt blending process of PBAT/SPC blends is high enough
to cause elongation of SPC phase yet not high enough to cause break-up of elongated SPC
filaments except for a small portion of SPC phase, the diameter of which is decreased below a
critical diameter in the shear field. In a word, SPC phase deformation depends on both water
content in pre-compounding SPC and SPC loading level in PBAT/SPC blends, as seen in Figure
4.1.
4.3.2 Development of SPC phase structure in blends
Figure 4.1 compares the SPC domain structures in different blends prepared with varying
PBAT/SPC composition ratios and formulated SPC containing different water contents prior to
compounding. Clearly, the phase structure of the SPC domains depended on both water content
and PBAT/SPC ratio, and these two variables appeared correlated. As the water content in SPC
increased from 0.6 to 22.5%, PBAT/SPC blends with different SPC loading level behaved
differently in the evolution of SPC phase morphology. With a low SPC loading level in the
blending, i.e. at the PBAT/SPC ratio of 85/15 (w/w), SPC was mainly in particulate form and
displayed little stretching and minimum reduction in size irrespective of water content in the
pre-compounding SPC. With a medium SPC loading level, ie. PBAT/SPC ratio of 70/30 (w/w),
the phase structure of the SPC domain changed substantially with water content in the
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pre-compounding SPC. As water content increased from 7.5 to 22.5%, the SPC phase
morphology changed from particulate shape to elongated thread shape. With a high SPC loading
level (PBAT/50%SPC), however, the significant deformation and stretching of SPC phase were
seen at all levels of water content. The large deformation of SPC phase in PBAT/SPC (50/50
w/w) with 0.6% water in pre-compounding SPC could be attributed to the combination of
plasticizing effect of glycerol and high shear stress in the flow field, as we discussed in the last
section. On the other hand, without sufficient shear stress imposed by the melt, the SPC particle
was unable to deform even though the viscosity ratio between the SPC phase and the matrix
polymer PBAT was low, e.g. PBAT/15%SPC. This proposition has been supported by the
diagrams of logarithm shear stress vs. logarithm shear rate and logarithm shear viscosity vs.
logarithm shear rate (Figure 4.2), as tested by capillary rheometer on the blends of PBAT/SPC
with different SPC loading levels and extreme water contents - 0.6% and 22.5% in
pre-compounding SPC, that is, shear stress and shear viscosity increased with either water
content in pre-compounding SPC and SPC loading level in blends. The low shear stress of
PBAT/15%SPC during compounding could be the cause of similar particulate phase morphology
of SPC with water content ranging from 0.6 to 22.5%. Likewise, the high shear stress of
PBAT/50%SPC was able to deform the SPC particle, even though the plasticizer effect is
minimal. Water and glycerol are often used together to plasticize SP in the literature (Zhang et al
2001) (Zhang et al 2006). The elongated SPC phase in PBAT/50%SPC with SPC formulated
with lowest water level 0.6% might be the result of 10 parts glycerol prior to compounding. To
prove this, a controlled blend PBAT/50%SPC without water or glycerol in the pre-compounding
SPC was prepared and the SPC phase morphology in blends was examined, as shown in Figure
4.3b. Compared with the unprocessed SPC, the unplasticized dry SPC (ca. 0.6% residual
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moisture) in blends showed similar particulate shape with a small portion of agglomeration after
compounding, but no elongated SPC deformation was observed. The morphology comparison of
SPC phase without plasticizer and using glycerol alone as plasticizer (Figure 4.3b and c) showed
that 10% glycerol alone on the basis of dry SPC weight was able to render the SPC phase
significant deformation at PBAT/SPC ratio of 50/50 (w/w); the addition of 10% glycerol to SPC
resulted in substantial reduction of the phase dimension and stretching of the SPC domains
during compounding.

103

a1

a2

a3

b1

b2

b3

c1

c2

c3

Figure 4.1 FE SEM micrographs showing the influence of SPC content and water content in
the pre-compounding SPC on the SPC phase morphology in blends PBAT/SPC with composition
ratio (w/w): 85/15 (a), 70/30 (b) and 50/50 (c). The water content in pre-compounding SPC is
0.6% (a1, b1 and c1), 7.5% (a2, b2 and c2) and 22.5% (a3, b3 and c3). SPC was extracted by
Soxhlet for the complete removal of PBAT and spin coated on mica slice.
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Figure 4.2 Melt shear stress and shear viscosity of PBAT/SPC blends with different SPC loading
levels and extreme value of water content in pre-compounding SPC; the insets are melt shear
stress and shear viscosity relative to that of neat PBAT at shear rate 2000.
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a
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Figure 4.3 FE SEM micrographs showing the influence of glycerol on the SPC phase
morphology in the blends. The SPC was vacuum dried at 80°C for 8h and the water content is
tested to be ca. 0.6% before compounding with PBAT. (a). unprocessed SPC as received; (b).
without glycerol; (c). with glycerol. SPC was extracted by Soxhlet for the complete removal of
PBAT and spin coated on mica slice.

4.3.3 Formation of percolated SPC network structure
As we reported in previous studies about PBAT/SPC blends, percolated SPC phase structure
could be formed with either high water content in pre-compounding SPC for PBAT/SPC (70/30
w/w) blends or high SPC loading level (~25% or above) in the PBAT/SPC blends (Chen and
Zhang 2009) (Chen and Zhang 2010). Phase morphology could be affected by many factors,
such as the nature of polymers (interfacial tension, viscosities and the ratio of these viscosities),
their volume fractions and the processing conditions. Many literatures have investigated the
effects of these factors on the type of phase morphology in the blends (Paul 1985) (Miles and
Zurek 1988) (Ho et al 1990). However, only a few studies took into consideration on the
requirements of the shape of the dispersed component necessary to obtain certain structure, such
as percolated and co-continuous structure (Cross et al 1983) (Willemse 1998). The critical
volume fraction is defined as the maximum packing density at which randomly oriented rodlike
particles are in fully percolated or co-continuous state. At this density, all the rods will touch
each other, which is a prerequisite for full co-continuity. In our study, we intended to investigate
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the percolated structure by evaluating the aspect ratio of SPC phase; this is based on three
rationales: (1). The morphology of SPC phase is the result of all the factors such as nature of
polymers, volume fractions and shear stress; (2). Aspect ratio of SPC filaments is an important
factor to form percolated structure; (3). According to Willemse’s study (Willemse 1998), the
maximum packing density to form percolated/co-continuous phase morphology does not depend
on the viscosity of the dispersed phase but based on the geometrical shape and volume fraction
of dispersed phase (Willemse et al 1998).
The definition of percolation is the probability of filaments end touching, so the packing
density to form percolated structure is greatly affected by the phase morphology of the dispersed
SPC phase. Clearly, the chance of end touching is much higher for ellipsoid particles than the
spherical particles. To form a percolated structure at low volume fraction, the SPC phase has to
be elongated. For filler with an aspect ratio of 1, its percolation threshold is at ca. 29% volume
fraction (Isichenko 1992) (Garboczi et al 1995). However, for a minor phase with elongated
shape, the threshold is much lower. Therefore, to quantitatively examine the SPC phase structure
in relation to the SPC geometrical shape for all the PBAT/SPC blends discussed, we applied a
simplified model of percolated structure being viewed as a dense packing of randomly oriented
rodlike particles of SPC phase. This model was invented by Cross (Cross et al 1983) and later
applied by Willemse (Willemse 1997). In our approach, the dispersed SPC phase will become
percolated, as soon as the maximum packing density for its shape is reached.
The maximum packing density (φmax) of SPC phase depends on the aspect ratio L/B, where L
is the length and B is the diameter of SPC particles. The following empirical relation found
agreement with experiments in the literature (Cross et al 1983) (Willemse 1997) for the
maximum packing density of randomly oriented rods.
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1

φmax

⎛ L⎞
= 1.38 + 0.0376⎜ ⎟
⎝ B⎠

1.4

(3)

Several assumptions are made for model (3): (1). Minor phase SPC is randomly orientated
thread-like particles; (2). The dispersed SPC particles touch each other and become percolated as
soon as the maximum packing density is reached.
The measured L/B ratios of SPC particles in each blend and the calculated maximum packing
density are summarized in Table 4.1. The column to the right was the practical volume fraction
of SPC phase calculated from the weight fraction of SPC in the blends. The density of PBAT is
ca. 1.27 g/cm3 and the density of SPC is assumed to be ca. 1.35 g/cm3 according to Jong’s
previous study (Jong 2005). It can be seen from Table 4.1 that for PBAT/50%SPC with water
content ranging from 0.6 to 22.5%, the calculated maximum packing densities to form percolated
structure was much lower than the SPC volume fraction 48.47%. This suggestsed that
PBAT/SPC (50/50 w/w) had reached the percolation threshold on or above the lowest water
content 0.6%. However, for PBAT/15%SPC, all calculated maximum packing densities were
much higher than 14.24%, suggesting 15%SPC was unable to form the interconnected network
structure, even though the SPC phase plasticized by the highest water content - 22.5% and 10%
glycerol before compounding. Interestingly, for PBAT/30%SPC, the blends with 7.5% H2O in
SPC phase had the required maximum packing density higher than 28.73%, its volume fraction,
while the calculated maximum packing density is lower than its volume fraction when the water
content reached 22.5%, suggesting the critical water content for SPC percolation fell between 7.5
and 22.5%, which presented the theoretical evidence to the conclusion of Chapter 2 about the
blend PBAT/30%SPC (Chen and Zhang 2009). The critical SPC loading level fell between 30
and 15%SPC when SPC was plasticized with 22.5%H2O, which was also consistent with the
study of composition effect on the SPC phase structure. It could also be seen from Table 4.1 that
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SPC phase became more elongated with either increased SPC loading level or higher water
content in pre-compounding SPC, which was a consequence of high shear stress and reduced
SPC viscosity during compounding.
Table 4.1 Number average L/B ratio of the SPC domains and the resultant maximum packing
density of SPC phase as well as the mechanical properties of blends.
PBAT/SPC
(w/w)
50/50

70/30

85/15

φSPCb

48.47%

28.73%

14.24%

H2O% in SPCd

L/B

φmaxa

E
(MPa)

Strength
(MPa)

elongation
(%)

0.6

Ae

17.1±3.3

29.5%

659±18

14.2±0.4

8.0±1.4

7.5

B

18.1±1.5

28.2%

765±56

19.2±0.6

11.0±1.0

22.5

C

34.8±4.6

14.7%

937±77

24.5±0.7

11.6±1.6

0.6

D

1.87±0.3

68%

274±17

11.0±0.1

80.5±6.5

7.5

D

10.8±1.4

41%

287±10

11.2±0.1

64.6±5.8

22.5

E

22.0±2.3

25.7%

411±48

19.3±0.6

40.1±5.2

0.6

F

1.93±0.3

67.8%

158±10

13.4±0.2

451±24.1

7.5

FG

2.5±1.5

65.8%

156±6

13.3±0.0

437±20.1

22.5
GH
2.8±0.6
64.9%
156±4
14.0±0.1
408±25.9
Note: a. φmax is the maximum packing density calculated from equation (3).
b. φSPC is the experimental volume fraction of SPC phase.
c: The percolation threshold value is the volume fraction limit for the onset of the continuity of the
minor phase. Not all the material of the minor phase belongs to the percolating structure then. At
increasing volume fraction, the portion of the minor component incorporated in the percolating structure
will increase.

d. in pre-compounding condition
e. minitab software and Tukey multiple comparison of water content effect on the yield stresses of
PBAT/SPC blends with fixed SPC loading level. Water contents with different letters mean their yield
stresses are significantly different from each other. The confidence level was set as 95%.

Further evidence of the formation of percolated structure in the blends could be seen from the
mechanical interlocking of SPC threads, as discussed in our previous studies (Chen and Zhang
2009) (Chen and Zhang 2010). Numerous interlocking loops of SPC phase could be seen in the
blends PBAT/SPC (50/50 w/w) with 0.6, 7.5 and 22.5%H2O in the pre-compounding SPC as
well as the blend PBAT/SPC (70/30 w/w) with 22.5%H2O in SPC (figures not shown); this was
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consistent with the theoretical prediction of model (3). The in-situ SPC phase structure in the
blends reveals the formation of interconnected network structure. Other blend compositions,
such as PBAT/SPC (70/30 w/w) with 0.6, 7.5%H2O in SPC and PBAT/SPC (85/15 w/w) blends
with water content ranging from 0.6 to 22.5% failed to form such network structure.

4.3.4 Rheological properties
As we mentioned earlier, the formation of pseudo-solid-like network structure of percolated
threads could also be manifested in the plots of log(G') and log(G'') values vs. log(ω), since
dynamic rheological properties are very sensitive to structure and interactions within the polymer
melt (Utracki LA 1989) (Du 2003), especially the appearance of “secondary plateau” on the
plots of log(G') vs. log(ω) for the polymer blends with rheological percolated structure (Kota et
al 2007). Figure 4.4 showed the rheological behavior of PBAT/SPC blends with different SPC
loading levels and water contents in pre-compounding SPC; only extreme water contents were
illustrated for convenience. It can be seen that the influence of water content on the SPC phase
structure depends on the SPC content in the blends. PBAT is a typical liquid-like polymer; its
logarithmic storage (G′) or loss (G′′) modulus versus logarithmic angular frequency (ω) showed
a smooth linear relationship by G′ ∝ ω1.75 and G′′ ∝ ω0.94 in the terminal (low frequency) zone.
Different from the rheological behavior of blend PBAT/SPC (70/30 w/w), which drastically
deviated from neat PBAT, the blends with 15% SPC at all three water levels 0.6, 7.5 and 22.5%
H2O showed similar log G′ vs. log ω to that of neat PBAT. No obvious secondary plateau was
observed (Figure 4.4a) and the value of log G' was lower than log G'' within the whole frequency
range tested (Figure 4.4b). The absence of secondary plateau in the plot of log G' vs. log ω and
the presence of crossover points in the plot of log G' and G'' vs. log ω suggested that SPC phase
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formulated with water ranging from 0.6 to 22.5% was dispersed in PBAT and behaved like an
ordinary particulate filler; this was consistent with the morphological evidence that no
interlocking loops were detected for PBAT/SPC (85/15 w/w) at all water levels tested. However,
the blends with 50% SPC at water levels ranging from 0.6 to 22.5% where SPC network
structures were formed all displayed high G' and G'' as a secondary plateau in the low frequency
region, and the disparity was proportional to the water content (Figure 4.4a). The reduced
terminal slope with higher water content in pre-compounding SPC indicated stronger
pseudo-solid-like behavior for the blends. At higher frequencies, crossovers of G' and G'' were
noted for all PBAT/SPC (50/50 w/w) blends (Figure 4.4b). All these phenomena are quite similar
to the PBAT/SPC (70/30 w/w) blend with percolated structure, as discussed in Ref (Chen and
Zhang 2009). The terminal slope displayed a sudden drop and the crossover of log G' and log G''
appeared for the blend PBAT/30%SPC-22.5%, indicating the formation of percolated structure.
Figure 4.4c showed that complex viscosities of the PBAT/SPC blends deviated from that of neat
PBAT, and became more shear-thinning with either SPC content or water content, demonstrating
more solid-like behavior for blends with high SPC content and high water levels in
pre-compounding SPC.
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Figure 4.4 Effects of PBAT/SPC composition ratio and water content in pre-compounding SPC
on the dynamic rheological behavior of PBAT/SPC blends. Two extreme water levels, 0.6% and
22.5%, were chosen for comparison. Strain = 3%, temperature = 160°C.

4.3.5 Tensile mechanical properties
Figure 4.5 showed the yield mechanical properties of polymer blends. Clearly, the influence
of water content in pre-compounding SPC on the yield stress, yield strain and Young’s modulus
depended on the SPC content in the blends. Unlike a sudden increase of yield stress and elastic
modulus between 7.5%H2O and 22.5%H2O as in PBAT/SPC (70/30 w/w), the increase of yield
stress and elastic modulus with water content in pre-compounding SPC is not noticeable for
PBAT/SPC (85/15 w/w) blend. However, the yield stress and elastic modulus experienced a
gradual increase with water content for blend PBAT/SPC (50/50 w/w). Since the percolated
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structure has already been formed for the blends with 0.6% H2O in SPC before compounding,
this gradual increase could be attributed to the higher degree of percolation in PBAT/SPC (50/50
w/w) blend as water content increased. While for PBAT/SPC (85/15 w/w), SPC is dispersed as a
particulate filler (aspect ratio ~1) in the blends, 22.5% H2O was not able to stretch the SPC phase
into threads at such low SPC content. Percolated SPC phase was not able to form; in this case,
water content in SPC does not have significant influence on the mechanical properties of the
blends. The correlation between water content and composition ratio on the mechanical
properties of PBAT/SPC blends could also be seen from Table 4.1; the change of tensile strength
with water content in pre-compounding SPC and SPC loading level has the same trend with that
of yield stress, either high water content in pre-compounding SPC or high SPC loading level
would lead to superior mechanical properties of the blends.
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Figure 4.5 Influence of water content in pre-compounding SPC on the yield mechanical
properties of PBAT/SPC blends with different composition ratios.
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To further investigate the correlation between water content in pre-compounding SPC and
SPC content on the mechanical properties of the polymer blends, minitab software was used.
Two-way interaction fixed effects model was applied to study the effects of these two factors as
well as their interactions on the yield stress of PBAT/SPC blends. This is because yield stress is
recognized as the parameter, which could be greatly related to the phase structure of polymer
blends. SPC content was set as factor A with 3 levels: 15, 30, and 50%, and water content in
pre-compounding SPC is set as factor B with three levels: 0.6, 7.5, and 22.5%. The confidence
level is set at 95%, and the response parameter yield stress was transformed to the reverse of the
value (yield stress-1) due to the violation of the constant variance assumption in residual-fits plot.
The transformed data was tested to meet the assumptions of normality and constant variance.
Both the p-value (p<α0.5) (Table 4.2) and the nonparallel interaction plot of minitab output
(Figure 4.6) revealed the significance of the interaction between the effects of water content and
SPC content. The mean values of yield stresses in the block factor SPC content were 7.74, 12.06
and 15.07MPa for 15, 30 and 50%SPC, respectively; suggesting the influence of water content
on the mechanical properties of PBAT/SPC blends was stronger for the blends with higher SPC
content. Due to the interaction between water content and SPC content, it is impossible to make
multiple comparisons between the three levels of each factor without the levels of the other
factor fixed. Therefore, by fixing one level of water content and examining the effect of SPC
content, we were able to apply Tukey method to see where the difference exists; the Tukey
output with 95% confidence level showed that the blends with 50, 30 and 15% SPC significantly
differed from each other at all water content levels and the influence was proportional with SPC
content. By fixing one level of SPC content and examining the effect of water content in the
pre-compounding SPC, we found that the effect of water content on yield stress increased with
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the SPC content (for convenience, the influence of the variable on the yield stress will be
referred to the variable thereafter); at 50%SPC, the three levels of water content significantly
differed from each other; the influence of water content on the yield stress is highest for 22.5%
H2O, lowest for the 0.6% H2O and falling in between for 7.5% H2O. At 30%SPC, the 22.5%
H2O differed from the other two levels, while 7.5% did not significantly differ from 0.6% H2O.
At 15%SPC, the 22.5% H2O did not significantly differ from 7.5% but different from 0.6%,
while 7.5% did not significantly differ from 0.6% (Table 4.1). Hence, the effect of water content
in pre-compounding SPC on mechanical properties of the blends depended on the PBAT/SPC
composition ratio. However, at all SPC loading levels, it followed the rule that higher water
content in pre-compounding SPC exerts more noticeable effect on the mechanical properties of
PBAT/SPC blends.
Table 4.2 Minitab output examining the significance of SPC content and water content as well as
their interactions-Two way interaction fixed effects model
Source
SPC content
water content
Interaction
Error
Total

DF
2
2
4
36
44

SS
0.0292062
0.0042419
0.0019799
0.0000994
0.0355274

MS
0.0146031
0.0021210
0.0004950
0.0000028
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F
5286.97
767.88
179.21

P
<0.0001
<0.0001
<0.0001

ata

ea s

0.14
0.13
0.12
SPC
content
15
30
50

Mean

0.11
0.10
0.09
0.08
0.07
0.06
0.05
0.6

7.5

22.5

water content in pre-compounding SPC
Figure 4.6 Interaction plot from minitab software showing the significance of the interaction
between SPC content and water content in pre-compounding SPC (%) on mechanical properties
of PBAT/SPC blends.

4.3.6 Dynamic Mechanical Analysis
The influence of water content in SPC on dynamic mechanical properties of PBAT/SPC
blends also depends on SPC loading levels. Figure 4.7 showed the DMA results of neat PBAT
and PBAT/SPC blends with different SPC loading levels and water contents. Similar to our
previous report, neat PBAT displayed a major damping peak at -15.5°C (Tg1) associated with a
drastic drop in storage modulus (E′) and a minor damping peak at ca. 60°C (Tg2) associated with
a mild decrease in E′. The difference between damping peak areas for the two Tgs suggested that
the corresponding portion of flexible aliphatic domain is larger than the rigid aromatic domain.
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All the PBAT/SPC blends demonstrated Tg very close to Tg1 of the neat PBAT, suggesting SPC
was not miscible in PBAT. Because Tg2 of PBAT overlapped with the damping peak area of SPC
phase (Zhang et al 2006), the values of Tg2 of PBAT in the blends could not be properly
identified from the damping peaks. The peak height of the low temperature Tg of PBAT in blends
was substantially lower than that of the neat PBAT and continuously decreased with SPC loading
level. Higher water content in pre-compounding SPC further reduced the height of damping peak.
This could be due to the finer SPC phase morphology, which could more effectively inhibit the
movement of PBAT chains.
Figure 4.7 showed that higher SPC loading level resulted in higher storage modulus and the
storage modulus was further improved by increasing the water content in pre-compounding SPC.
Part of the reason has been provided in Chapter 3, which is that the modulus of SPC was much
higher than that of PBAT, and SPC was largely in the glassy state in the testing temperature
range, hence the contribution of SPC to the storage modulus of the blends was proportional to
the SPC loading level. The finer and better deformed SPC phase structure resulting from high
water content could further benefit the improvement of E'.
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Figure 4.7 Effects of SPC content and water content on dynamical mechanical properties of
PBAT/SPC blends; the damping curves at high temperature were cut off due to the instability of
the output from the machine.

4.3.7 Theoretical percolation thresholds for PBAT/SPC blends in specific conditions
4.3.7.1 Influence of water content in pre-compounding SPC
As mentioned in Chapter 2, SPC domain became more extended with increasing water
content in pre-compounding SPC. For the PBAT/SPC (70/30 w/w) blends, as evidenced by
rheological, morphological and mechanical properties, percolated SPC phase structure was
formed at 10% or higher water content in pre-compounding SPC. To confirm the formation of
percolated structure, the aspect ratio of SPC phase was measured and equation (3) was applied to
determine the critical water content in pre-compounding SPC for the formation of SPC

120

percolation. According to the percolation model predicted by equation (3), maximum packing
density (φmax) decreases with increase in aspect ratio. No percolation is formed if the SPC
volume fraction is lower than the maximum packing density. As shown in Table 4.3, when SPC
contained 0.6 and 7.5%H2O prior to compounding, the aspect ratio of SPC particles in the
resulting blends were relatively low and the corresponding φmax values were higher than the
volume fraction of SPC in the blend (29 vol%), suggesting no SPC percolation formed. However,
when the water content in pre-compounding SPC increased to 10%, the maximum packing
density of SPC phase turned out to be lower than SPC volume fraction, indicating the percolated
SPC structure was formed in this case. The theoretical prediction from percolation model agreed
well with the experimental evidence, that is, the critical water content in pre-compounding SPC
to form percolated structure is ca. 10%. Further increase of water content in pre-compounding
SPC led to more extended SPC phase morphology and lower maximum packing density and
therefore superior percolated structure.
Table 4.3 Number average L/B ratios and the calculated maximum packing density of the SPC
phase as well as the mechanical properties of blends
H2O % in SPCa
0
7.5
10
12.5
17.5
22.5

φ SPCb

L/B ratio

φ maxc

29%

1.87±0.3
10.8±1.4
19.0±3.5
17.7±2.0
18.3±2.0
22.0±2.3

68%
41%
27%
28%
28%
25.7%

a. H2O content in pre-compounding SPC
b. SPC volume fraction in blends calculated based on the weight fraction and density of SPC
c. SPC maximum packing density calculated from equation (3)

4.3.7.2 Influence of SPC loading level in blends
Table 4.4 shows the aspect ratio of SPC particles in PBAT/SPC-22.5%H2O blends with
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different SPC loading levels. Clearly, higher SPC loading level led to larger aspect ratio of the
elongated SPC threads, and correspondingly predicted lower maximum packing density. When
SPC content in blends was lower than 25%, the SPC volume fraction was lower than the
maximum packing density, indicating the percolated structure failed to formed. However, when
the SPC content reached 25 wt%, the value of maximum packing density was approximately
equal to the value of SPC volume fraction, suggesting that 25 wt% SPC was probably the
percolation threshold at this blend preparation condition. This result was also consistent with the
experimental evidences from morphological, rheological and mechanical tests in Chapter 3. As
SPC content further increased above 25%, the divergence between maximum packing density
and SPC volume fraction also grew, suggesting the superior SPC percolated structure formed in
the blends.

Table 4.4 Number average L/B ratios and the calculated maximum packing density of the SPC
phase in the blends
SPC (wt%)

φSPC

L/B ratio

φmax

15
20
25
30
50

14.2
19.0
24.0
28.7
48.5

2.8±0.6
9.1±1.0
21.5±4.5
22.0±2.3
34.8±4.6

64.9%
45.4%
24.1%
23.6%
14.7%

4.4 Conclusion
The influence of water content in pre-compounding SPC on the phase structure and
properties of PBAT/SPC blends has been revealed to depend on the PBAT/SPC composition
ratio. Both morphological characterization and rheological test were used to prove that the
influence of water content was limited by the SPC loading level. For blends with high SPC

121

content, e.g. 50% SPC, the dried SPC (~0.6% moisture) containing 10% glycerol was able to be
deformed in mixing and resulted in percolated SPC structure; however, for blends with low SPC
content, e.g. 15% SPC, the SPC containing 22.5%H2O and 10% glycerol was not able to be
deformed in mixing, hence still remained the particulate shape in the blends. An empirical model
was employed to verify the formation of percolated structure by evaluating the geometrical
parameters of SPC particles in blends, which provided a theoretical evidence for the percolation
thresholds of water content in pre-compounding SPC and SPC loading level. Two-way
interaction fixed effects model was also used to statistically investigate the interaction between
the two factors; the interaction plot was generated and the p-values (with confidence level 95%)
proved the significance of the water content effect and SPC content effect as well as their
interaction on the mechanical properties of PBAT/SPC blends. The result from statistic study
agreed well with the experiment result from mechanical test that the effect of water content on
yield stress was influenced by SPC content, with more noticeable increment at higher SPC
content in the blends.
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Chapter 5 Compatiblizer Effect on the Properties of PBAT/SPC
Blends

ABSTRACT

In this study, soy protein concentrate (SPC) was blended as plastic with poly(butylene
adipate-co-terephthalate) (PBAT). An extra amount of water was added to SPC prior to
compounding to ensure that SPC behaved as plastic during mixing. Because of the extensive
crosslinking during compounding and the evaporation of most water after drying the compounds,
the SPC phase was not able to flow like a plastic in the subsequent processing. Therefore, the
compounds became in-situ formed composites. The effects of compatibilizer PBAT grafted with
Maleic anhydride (MA) (PBAT-g-MA) on the morphological, rheological, tensile and dynamic
mechanical properties of PBAT/SPC blends were studied. Using PBAT-g-MA as compatibilizer
resulted in fine domain sizes and good dispersion of SPC, and hence improved tensile and
dynamic mechanical properties of the blends. In the presence of compatiblizer, the formation of
percolated SPC network structure was observed at high SPC loading levels, and subsequently,
resulted in drastic changes in rheological properties, mechanical and dynamic mechanical
properties of the blends.

Keywords: soy protein blends, poly(butylene adipate-co-terephthalate), percolation network,
bioplastics
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5.1 Introduction
As we mentioned in the last three chapters, blending SP with other hydrophobic
thermoplastic polymers is the most economical means to overcome many problems associated
with SP plastic materials. SP have been blended with various biodegradable polymers such as
poly(butylene succinate-co-adipate)(John and Bhattacharya 1999), polycaprolactone (John and
Bhattacharya 1999)(Zhong and Sun 2001),

(Mungara and Zhang et al 2002) (Wang et al 2002a)

(Mungara and Chang et al 2002) (Deng et al 2006), poly(hydroxyl ester ether)(Wang et al
2002a) , poly-ε-caprolactone(Choi et al 2006), poly(vinyl alcohol) (PVA)(Su et al 2007) and
poly(butylene adipate-co-terephthalate) (Graiver 2004), and with non-biodegradable polymers
such as poly(ethylene-co-ethyl acrylate-co-maleic anhydride)(Zhong and Sun 2003),
polyurethane(Chang et al 2001) and styrene-butadiene latex (Jong 2005). However, in these
studies SP was only used as a particulate organic filler. Although such blends generally exhibited
better processibility, water resistance and/or toughness than the neat SP plastics, they often
yielded lower strength than the neat polymers, especially at higher SP loading levels.
In Chapter 2 we explored the approach to process SPC as a plastic blending with PBAT
(Chen and Zhang 2009) and found that higher water content in pre-compounding SPC favors the
deformation of SPC phase. At the PBAT/SPC ratio of 70/30 (w/w), SPC showed great
deformability when the water content in pre-compounding SPC was 10% or higher. The blends
with SPC processed as plastic demonstrated superior properties than those with SPC processed
as filler. The tensile strength and modulus of the blends increased with the water content in
pre-compounding SPC. The PBAT/30%SPC-22.5%H2O blend showed superior properties than
the blends prepared from SPC containing lower water contents. Different from other studies of
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SPC blends in which higher SPC filler loading level will lead to reduced overall properties if the
interfacial adhesion is poor, Chapter 3 showed improved overall properties of PBAT/SPC blends
with higher SPC loading level. For polymer blends, interfacial adhesion is known as a crucial
parameter deciding the final properties.
Compatibility and miscibility are two important parameters considered in polymer blends. By
definition, miscible polymer blends are single-phase mixtures. Miscibility depends on the
molecular weight, concentration, temperature, pressure, deformation rate, et al (Utracki 2002).
Different from miscibility, compatibility retains the advantage of multi-phase synergisms.
Compatibilizer is often the block or graft copolymer of the two homopolymers that make up the
blend. The block or graft copolymer chains must be long enough to form entanglements on both
sides of the interface, providing proper holding power (Sperling 1997). The amount of such
compatibilizer used in polymer blends usually ranges from 1 to 5%. There are three aspects of
compatibilization: (1) Reduction of the interfacial tension that facilitates fine dispersion, usually
in submicron scale. (2) Stabilization of morphology against its destructive modification during
the subsequent high stress and strain processing (e.g., during the injection molding), and (3)
Enhancement of adhesion between phases in the solid state, facilitating the stress transfer, hence
improving the mechanical properties of the product. Compatibilization can be achieved either by
adding a compatibilizer to a polymer blend, or prepared during blending or by reactive
processing or blending. In the latter process, the compatibilizing species are chemically formed
in-situ, directly across the interface. In SP blends with other polyesters, compatibilizer is usually
added to the blends during compounding to improve the compatibility between SP filler and
polyester phases. For example, methylene diphenyl diisocyanate (Zhong and Sun 2001), toluene
diisocyanate (Deng et al 2006), maleic anhydride (MA) grafted polyesters (John and
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Bhattacharya 1999) and glutaraldehyde (Chen and Zhang 2005) have been used to improve the
interfacial adhesion and dispersion of SP in the matrix polymers. When SP was processed as
plastic in blending with PLA, poly(2-ethyl-2-oxazoline) was found to be an effective
compatibilizer, resulting in fine phase structure of SP and improved properties of the blends
(Zhang et al 2006) .
In this study, a series of PBAT/SPC blends were prepared by extrusion and the test
specimens were prepared by injection molding. The major objective of this study is to investigate
the effects of compatibilizer on the phase structure and the mechanical properties of PBAT/SPC
blends. The water content in the pre-compounding SPC was fixed at 22.5% and the SPC loading
levels ranged from 15 to 50wt%. The effects of comaptibilizer (PBAT-g-MA) on the phase
morphology/structure and performance of PBAT/SPC blends were studied in detail.

5.2 Experimental
Materials. SPC (Arcon F) was provided by ADM (Decatur, IL) and contained ca. 7.5 wt%
moisture as received. PBAT (Ecoflex F BX 407) was provided by BASF (Florham Park, NJ).
Maleic anhydride (MA) (95%) was purchased from Aldrich. Maleic anhydride (MA) grafted
PBAT (MA-g-PBAT) was prepared by reactive extrusion of PBAT with 5% MA and 0.5%
dicumyl peroxide on the basis of PBAT weight, and the unreacted MA was removed under high
vacuum at 80°C(Jiang et al 2008). The degree of grafting was found to be 1.40 wt% by titration.
Blend Preparation. SP was formulated and contained the following ingredients: SPC (100
parts, on the basis of dry weight), sodium sulfite (0.5 parts), glycerol (10 parts) and water (15
parts). The formulated SPC was mixed using a kitchen blender, then stored in sealed plastic bags
and left overnight at room temperature to equilibrate (hereafter “pre-compounding SPC”). The
mixture of formulated SPC, PBAT and/or MA-g-PBAT was compounded using a co-rotating
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twin-screw extruder (Leistriz ZSE-18) equipped with 18-mm diameter screws having an L/D
ratio of 40. For the compatibilized blends, 3 parts of PBAT-g-MA on the basis of 100 parts of
blend (by weight) was incorporated, and that 3 parts of PBAT-g-MA meant to replace an equal
amount of neat PBAT in the formulation mixture. The screw speed was maintained at 80 rpm for
all runs, and the eight controlled temperature zones were set at 99, 110, 145, 145, 145, 145, 145,
and 140°C, respectively, ranging from the feeding segment to the die adaptor. The extrudate was
cooled in a water bath and subsequently granulated by a strand pelletizer. Pellets were exposed in
the air for 4 h to further evaporate the residual surface moisture, and then dried in a convection
oven at 90°C for 12 h or longer until the residual water within the pellets was less than 1%. A
Sumitomo injection molding machine (SE 50D) was used to prepare the test specimens. The
temperature zones of the barrel were set at 155, 160, 160 and 155°C from the feeding section to
the nozzle. Mold temperature was set at 50°C and cooling time was ca. 30s. All specimens for
mechanical and characterization test were conditioned for one week at 23±2°C and 50±5%RH.
Tensile test. Tensile tests were performed on an 8.9-kN, screw-driven universal testing
machine (Instron 4466) equipped with a 10-kN electronic load cell and machine grips. The tests
were conducted at a crosshead speed of 5 mm/min with strains measured using a 25-mm
extensometer (MTS 634.12.E10-24). All tests were carried out according to the ASTM standard
(ASTM D638, type I specimens), and 5 replicates were tested for each sample to obtain an
average value.
Dynamic mechanical analysis. Dynamic mechanical properties were measured by a
dynamic mechanical analyzer (DMA, TA Q-800). DMA specimens (12.6×3.2×35 mm3) were cut
from the injection molded samples and conditioned in the same environment as tensile samples.
DMA test was conducted on a single-cantilever fixture at a frequency of 1Hz. All tests were
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conducted at an amplitude of 30μm using a 2oC/min temperature ramp from -70oC to 140oC. The
weight loss of specimen through the DMA test was measured to be ca. 1% for all samples, which
could be approximately assumed as the residual moisture and some volatiles in the SPC phase.
Rheology. Dynamic rheological properties of the SPC/PBAT blends were measured using a
strain-controlled rheometer (Rheometric Scientific, RDA III), with a parallel-plate geometry (d =
25 mm) at 1Hz frequency, operated at 160oC. The gap distance between the parallel plates was
1mm for all tests. A strain sweep test was initially conducted to determine the linear viscoelastic
region of the materials, and then a dynamic frequency sweep test (strain: 3%, frequency: 0.01 to
500rad/s) was performed. All test samples were cut from the injection molded specimens after
conditioning, since the water content of the specimen was assumed marginally as ca. 1% by
DMA test, no additional protection during the test was taken.
Microscopy. Scanning Electron Microscopy (SEM, Hitachi S-570) and Field Emission
Scanning Electron Microscopy (FE SEM, Quanta 200F) were used to examine SPC domain
structure and morphology of the blends. All specimens were sputter coated with gold prior to
examination. AFM measurements were carried out using a NanoScope IIIa controller equipped
with an AS-130(“J”) scanner in ambient conditions. Silicon cantilevers NSC15/no Al
(MikroMasch, USA) were used for the intermittent contact (tapping) mode operation. Scan rate
was varied from 0.1 Hz to 0.5 Hz, depending on the image quality. The AFM sample was taken
from the central part of the injection molded bar and the AFM smooth section for observation
was the lateral surface (i.e. the flow direction) prepared by a Powertome X (Boeckeler
Instrument) ultramicrotome. The SPC phase was isolated from the blends by Soxhlet extraction
for 7 days to completely remove PBAT. The isolated SPC was added into chloroform (99+%)
and was gently stirred for 30 seconds to maximally retain the original SPC phase structure;
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finally the suspension was spin coated on mica slices.
Water absorption and Wet strength test. The water absorption test was conducted
following the ASTM D570-81with a slight modification. The straight bar injection samples were
conditioned for 7 days at 23°C and 50%RH prior to the testing and then immersed in distilled
water at room temperature until the weight gain of the sample became steady. The percentage
weight gain was taken as the water absorption value. Five replicates were tested for each sample.
Wet strength test were performed on the conditioned dog-bone injection samples after being
immersed in water for 24 hours. The same testing machine as in the tensile test was applied to
obtain the wet strength of the composites. Also, five replicates of each sample were tested to
obtain the average value.

5.3 Results and Discussion
5.3.1 Effects of compatibilizer on SP phase morphology
Figure 5.1 shows the effects of PBAT-g-MA as compatibilizer on SPC domain size and
phase structure of the blends. By adding PBAT-g-MA, the phase structure of the resulting blend
changed from coarse to fine and the SPC changed from large particles to fine threads in micron
size. MA grafted polymers are often used to increase the interfacial adhesion between
hydrophobic synthetic polymers and various hydrophilic natural polymers (John and
Bhattacharya 1999). The anhydride groups were likely to react with the amino groups of SP and
the hydroxyl groups of carbohydrates; therefore greatly decreased the interfacial tension which
played a key role in reducing the sizes of the dispersed phase (Tol et al 2004). The phase
morphology development of a polymer blend is governed by the balance between breakup and
coalescence of the dispersed phase. The deformation of SPC was determined by the two
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competing factors, shear stress exerted on SPC domains by flow field and the interfacial tension,
as shown in equation (1) in Chapter 4. Without compatibilizer, the coalescence of SPC
suppressed the breakup due to the high surface tension, and SPC domains in the resulting blend
were even larger than the unprocessed SPC particles.
High resolution AFM was applied to investigate the change of blend phase morphology with
compatibilizer. In Figure 5.2, the bright yellow area is the SPC phase, and the dark brown area is
the PBAT phase, because the elastic modulus of SPC is higher than that of PBAT. Significantly
different SPC phase morphologies for the blends with and without compatibilizer were revealed.
Percolated SPC thread structure could be seen for the compatibilized blends PBAT/SPC (50/50
w/w) and PBAT/SPC (70/30 w/w) (Figure 5.2a and 5.2b), while the uncompatibilized blends of
these two compositions only showed agglomerates of SPC, which was consistent with the
isolated SPC phase morphologies studied by SEM (Figure 5.2a' and 5.2b').
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b

b'

.
Figure 5.1 SEM micrographs showing the effect of PBAT-g-MA on the phase morphology of
PBAT/SPC (70/30 w/w) blends. a & a′: containing 3% MA-g-PBAT; b & b′: without
MA-g-PBAT. Left column: morphological structures of the blends in the longitudinal direction;
right column: isolated SPC after removing PBAT by Soxhlet extraction.
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a’

b
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Figure 5.2 High resolution AFM micrographs of the PBAT/SPC blends. PBAT/SPC (50/50 w/w)
(a and a’); PBAT/SPC (70/30 w/w) (b and b’).

5.3.2 Dynamic rheological properties and rheological percolation
In Chapter 1, we demonstrated that blending PBAT with SPC containing extra water ended
up with the formation of in-situ PBAT/SPC composites (Chen and Zhang 2009). After the
evaporation of water in SPC during compounding process and the subsequent drying of
compounds, the SPC phase lost its deformability and behaved more like a solid in the injection
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molding process. The rheological properties of the resulting PBAT/SPC blends displayed similar
behavior to that of ordinary composites. Dynamic rheological measurement is commonly used in
characterizing the morphological structure of polymer blends as we stated before (Utracki 1989);
the rheological behavior of PBAT melt drastically deviated from typical liquid-like behavior
after SPC was incorporated. The reason could be due to the elastic response of SPC since the
rigidity of SPC is much higher than that of PBAT melt. The more effective elastic response of
SPC contributed to the blends, the more independent G' on ω in the terminal region and the
longer relaxation times (Graebling 1993). The formation of percolated structure in the blends
with high water content in pre-compounding SPC (Chen and Zhang 2009) and high SPC loading
levels has been proved to effectively contribute SPC elastic properties to the blends, hence
altering the viscoelastic response of the blends in the terminal zone. Recall that interfacial
bonding in polymer blends plays an important role in deciding the properties of the blends; good
interfacial adhesion favors the contribution of each component to the blends (Sperling 1997).
The role of compatibilizer in the blends is to reduce interfacial tension and improve interfacial
adhesion; hence, more solid-like behavior of the blends was expected after the addition of
compatibilizer. Figure 5.3 showed the difference of rheological behavior between compatibilized
and uncompatibilized blends with 15, 30, and 50% SPC. As compatibilizer PBAT-g-MA was
added into the PBAT/SPC (70/30 w/w) blends, in the terminal zone the slopes (n, scaling
exponent) of log(G') vs. log(ω) and log(G'') vs. log(ω) changed from 0.43 to 0.24 and from 0.52
to 0.31, respectively. Similar decreases in the scaling exponents could also be seen in
compatibilized PBAT/SPC (50/50 w/w) and PBAT/SPC (85/15 w/w) blends compared with the
control ones. This increasing frequency-independence of both G' and G'' of all the blends with
the addition of compatibilizer suggests that the melt became pseudo-solid-like at low frequencies.
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The obvious deviation of rheological properties of the blends from the typical liquid-like
behavior of pure polymer melt was attributed to the solid nature of SPC in the melt. The drastic
decrease in scaling exponent for the PBAT/SPC (50/50 w/w) and PBAT/SPC (70/30 w/w) blends
with the addition of compatibilizer indicated the formation of certain degree of interconnected
SPC network structure (percolation) in the matrix (Chen and Zhang 2009) (Kota et al 2007).
Furthermore, the increased melt elasticity of the blends was also reflected in the influence of
compatibilizer on complex viscosity η*. Compared with the η* of the pure polymer, a general
increase in η* of the blends was noted in the whole frequency range, and the magnitude of
increase was especially large in the terminal zone (Figure 5.3b). In the terminal zone, the plot of
log(η*) vs. log(ω) for the neat PBAT showed a Newtonian (primary) plateau. For the blends, this
primary plateau quickly disappeared with the addition of compatiblizer, and the melt displayed a
significant shear-thinning behavior for the compatibilized blends through the whole frequency
range, suggesting the formation of percolated SPC structure.
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Figure 5.3 Effect of compatibilizer on the rheological behavior of PBAT/SPC blends.
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Phase morphology development of composites depends on many factors including filler size,
filler geometry and filler loading level from the perspective of the filler phase (Li et al 1985)
(Mitsuishi et al 1985). As we discussed in the influences of SPC loading level and water content
in pre-compounding SPC on the phase morphology of the PBAT/SPC blends in the last three
chapters, high water content in pre-compounding SPC and SPC loading level could result in
more elongated SPC threads, and if the volume fraction of SPC reaches the percolation threshold
for the specific aspect ratio of SPC phase, interconnected network structure in the compatibilized
blends could be observed after PBAT phase has been extracted by chloroform. Figure 5.4a and
5.4b showed the SPC percolated structure with interlocking loops in the compatibilized
PBAT/SPC (50/50 w/w) and PBAT/SPC (70/30 w/w) blends. However, such network structure
could not be found in the blends without PBAT-g-MA.

a

b

Figure 5.4 FE SEM micrograph of Soxhlet extracted SPC in the compatibilized PBAT/SPC
blends showing the mechanical interlocking mechanism of percolated SPC phase structure in
(a).PBAT/SPC (50/50 w/w); (b).PBAT/SPC (70/30 w/w).
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The formation of pseudo-solid-like network structure of percolated threads was also
manifested in the plots of log(G') and log(G'') values vs. log(ω). The uncompatibilized blends in
which SPC was dispersed in PBAT all showed lower G' than G'' within the whole frequency
range tested, a typical behavior for most neat polymers and homogenously dispersed polymer
composites. However, the compatiblized blends with 30% and 50% SPC in which SPC network
structure was formed all displayed higher G' and G'' in the low frequency region, reflecting
stronger elasticity of the melt. At higher frequencies, crossover of G' and G'' was noted, which
was probably attributed to the breakup of the SPC network structure. Similar overtaking of G'' by
G' in the melt state was also observed in the percolated structure of conductive composites, such
as polypropylene filled with ultra-fine powdered rubber. It is shown that uncompatibilized blends
with SPC content ranging from 15% and 50% exhibited higher G'' than G' in the whole
frequency range (Figure 5.5a and 5.5b), suggesting the absence of percolated structure. Notice
that the compatibilized PBAT/SPC (85/15 w/w) blend also showed higher G'' than G' and no
crossover occurred in the testing frequency range, suggesting the lack of percolated structure due
to the low filler content, even though the interfacial bonding is good, which is consistent with the
conclusion of Chapter 3.
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Figure 5.5 Crossover of G' and G'' showing the influence of compatibilizer on the rheological
percolation in PBAT/SPC blends with 30% and 50% SPC (a) and 15%SPC (c).
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5.3.3 Tensile mechanical properties
As indicated earlier, the mechanical properties of polymer blends strongly depend on their
composition, interfacial adhesion and morphological structures. The stress-strain curve of the
blends (Figure 5.6) shows a typical tensile behavior of polymer blends or composites with a rigid
dispersed phase in a soft matrix and having good or poor interfacial adhesion. Tensile strength
and modulus increased with the SPC loading level when the compatibilizer was added, while the
strain at break greatly decreased. It is well recognized that the formation of network structure of
the filler phase was manifested more clearly in the changes of mechanical properties at yield
point and the elastic modulus. Table 5.1 gives the comparison of tensile properties of the
compatibilized and uncompatibilized blends. It clearly shows that yield stress and strain greatly
decreased with SPC loading level when compatibilizer was absent, which is completely opposite
to the trend of the compatibilized blends. This result is consistent with the theory that high rigid
filler loading level will decrease the reinforcing capability of polymer blend if the interfacial
adhesion is poor. Good interfacial adhesion is required for the effective stress transfer between
components in the multi-phase polymer blends. For composite with

strong enough interfacial

adhesion, the reinforcing effect could be realized by fracture within the filler phase instead of
debonding from the interface. Apparently, the yield stress and tensile strength are much higher
for the former fracture mechanism than the latter one. Numerous studies of various polymer
blends (Chen et al. 2008) or composites (Oksman 1996)(Karmarkar et al. 2007) (Felix and
Gatenholm 1991) have compared the mechanical properties of the specimens with and without
compatibilizer, and found that the addition of compatibilizer could effectively improve the
tensile strength and flexural strength, yet usually lead to the decrease in elongation at break and
impact strength. When compatibilizer was absent, the tensile modulus was increased with SPC
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loading level in the blends; however, this increase could be boosted further by strengthening
PBAT/SPC interface using PBAT-g-MA. Besides improving interfacial adhesion, compatibilizer
could also decrease the interfacial tension and lead to finer phase structure and improved
dispersion. Therefore, the changes in mechanical properties of PBAT/SPC blends introduced by
compatibilizer are a combination of all these effects.

30
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Figure 5.6 Effect of compatibilizer on the engineering stress-strain curve of PBAT/SPC blends
(containing 3 parts of MA-g-PBAT)
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Table 5.1 Effects of composition and compatibilizer on tensile mechanical properties and Tg of
PBAT/SPC blends.
PBAT/SPC
(w/w)

MA-g-PBAT
(parts)

E
(MPa)

σb
(MPa)

εb
(%)

σy1

εy

Tg 2
(°C)

50/50

3

937±77

24.5±0.7

11.6±1.6

18.3±0.6

3.6±0.1

-16.2

0

612±28

5.6±0.1

8.9±2.9

5.3±0.2

1.9±0.0

-14.5

3

411±48

19.3±0.6

40.1±5.2

10.9±0.4

3.9±0.2

-16.1

0

243±17

8.0±0.1

250.8±18.2

4.6±0.2

3.2±0.2

-14.8

3

156±4

14.0±0.1

408±25.9

5.3±0.2

4.7±0.1

-16.0

0

142±4

11.1±0.2

401±31.9

4.6±0.2

4.5±0.1

-15.5

70/30
85/15

1. Yield stress and strain were measured with 1% offset following the ASTM D638.
2. Tg was measured from the peak temperature of α-transition from the DMA experiment.
5.3.4 Tensile fracture morphology
The fracture mechanism was closely related to the SPC phase structure in the matrix and
interfacial adhesion. Two different fracture patterns were observed in the SEM fractography of
the compatibilized (Figures 5.7a & b and Figure 5.8) and uncompatibilized (Figures 5.7a' & b')
PBAT blends with 50 and 30 % SPC, respectively. For the two compatibilized PBAT/SPC
blends which both had percolated SPC network structure, relatively smooth tensile fracture
surfaces were noted, indicating lack of large scale plastic deformation (Figures 5.7 a and b). In
contrast, for the two corresponding uncompatibilized PBAT blends, extensive fibrillation was
noted at the fracture surfaces (Figures 5.7a′ & b′), indicating the large plastic deformation. On
the other hand, both compatibilized and uncompatibilized PHBA/SPC (85/15) blends in which
SPC was dispersed but not percolated showed great plastic deformation at the fracture surfaces,
which were consistent with the corresponding elongations at break.
Tensile strength of the compatibilized PBAT/SPC (50/50 w/w) and PBAT/SPC (70/30 w/w)
blends demonstrated significant increase compared with that of the uncompatibilized blends. One
of the reasons could be due to the formation of percolated SPC structure, which contributed to
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the high strength of the blends. Another reason could be the improved interfacial adhesion for the
compatibilized blends. It is well known that good interfacial adhesion favors the stress transfer
from the matrix polymer to the discrete phase, hence, compatibilizer is oftern required for
polymer blends and composites. Figure 5.8 showed the higher resolution SEM images of the
tensile fracture surfaces of the PBAT/SPC (50/50 w/w) and PBAT/SPC (70/30 w/w) blends.
Instead of debonding from interface, the fracture plane was revealed to propagate through the
SPC particles because of improved interfacial adhesion. Apparently, the load required to break
through the SPC particles is much higher than that needed to break around particles via
debonding. Similar strengthening effect in composites was also reported by other studies (Chen
2008).

a

a'
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b'

c

c'

With PBAT-g-MA

without PBAT-g-MA

Figure 5.7 SEM micrographs of tensile fracture surfaces of the PBAT/SPC blends with and
without compatibilizer. a & a′: PBAT/SPC (50/50 w/w); b & b′: PBAT/SPC (70/30 w/w); c & c′:
PBAT/SPC (85/15 w/w).
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a

b

Figure 5.8 High resolution (magnification ×4000) SEM micrographs of tensile fracture surfaces
showing that the fracture plane was through the SPC particle in the compatibilized PBAT/SPC
blends. a. PBAT/SPC (50/50 w/w); b. PBAT/SPC (70/30 w/w).

5.3.5 Impact mechanical properties
It is worth mentioning that specimens of the blends with 25% or less SPC could not be
broken on the Izod impact test machine because of the high flexibility of PBAT. Figure 5.9
shows the impact strength (energy absorbed per unit area of cross section) of PBAT/SPC blends
with 30 and 50% SPC. The results showed that the impact strength greatly decreased as the SPC
load level increased from 30 to 50%. For the PBAT/SPC (70/30 w/w) blends, the
uncompatibilized one exhibited an impact strength which was 54% higher than that of the
compatibilized one. This was probably due to the occurring of energy absorption processes: debonding between SPC and PBAT phase and the shear yielding effect of PBAT film between
SPC particles during impact test. For the PBAT/SPC (50/50 w/w) blends, both compatibilized
and uncompatiblized ones showed similar low impact strength. Figure 5.10 shows the SEM
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micrographs of the impact-fractured surfaces of composites containing 30 and 50% SPC,
respectively. For both compatibilized blends with homogeneous dispersed SPC phase, the impact
fracture surfaces were relatively smooth and flat. This result reminisce the similar observations
of fracture of some other filled polymers in which the cracks propagated straightly across the
cross section (Chen 2008). In other words, the fracture grew through the SPC domains in the
compatibilized blends. However, when compatibilizer was absent, extensive debonding of the
SPC domains could be seen. Because impact test measures the total energy consumption for the
creation of the fracture, in general any energy dissipation process is to increase energy consumed.
Crazing, cavitation, shear banding, crack bridging, and shear yielding have been identified as
important energy dissipation processes involved in the impact fracture of toughened polymer
systems (kunz-Douglass et al 1980) (Pearson and Yee 1991) (Yee et al 1993 ) (Bucknall et al
1973) (Kambour and Russell 1971). For uncompatibilized PBAT/SPC (70/30 w/w) blend,
obvious plastic deformation of PBAT component can be seen on the impact fracture surface.
This was probably due to debonding induced shear yielding of the ligaments between the
particles. The shear yielding deformation of PBAT phase absorbed most of energy, resulting in
the noticeable increase of the impact strength. On the other hand, the percolated SPC network
structure formed in the compatibilized PBAT/SPC (70/30 w/w) blend may impart great
restriction on shear yielding of the PBAT matrix. Instead, crazing fracture mechanism was
initiated, which is a much lesser energy absorption process that can grow easily in the sample.
However, as it was discussed in Chapter 4, regardless of compatibilized or not, SPC at the 50%
loading level had already exceeded its maximum packing density, suggesting the existence of
percolated SPC network structure in both compatibilized and uncompatibilized PBAT/SPC
(50/50 w/w) blends. Therefore, both blends demonstrated similar low impact strength.

149

30

Impact Strength (KJ/m2)

25

MA-Strength
no MA-Strength

20

15

10

5

0
50%SPC

30%SPC

SPC content
Figure 5.9 Effect of compatibilizer on the impact strength of PBAT/SPC blends. The blends with
SPC content lower than 30wt% could not be broken.
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a

a'

b

b'

with compatibilizer

without compatibilizer

Figure 5.10 Micrographs of impact-fractured surfaces of composites. (a&a’). PBAT/SPC (50/50
w/w); (b&b’). PBAT/SPC (70/30 w/w). Left column: with compatibilizer; Right column: without
compatibilizer.
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5.3.6 Dynamic Mechanical Analysis
As we discussed in the previous chapters, dynamic mechanical properties of the blends are
also greatly affected by phase structure. Figure 5.11 compares the DMA results of neat PBAT
and PBAT/SPC blends with and without compatibilizer. As we stated in Chapter 3, the major
damping peak at -15.5°C (Tg1) for PBAT was associated with the flexible aliphatic domain and a
minor damping peak at 61°C (Tg2) with the rigid aromatic domain. It was noted that the Tg1 of
PBAT in the compatibilized blends was slightly lower than that in the uncompatibilized blends,
and the latter was almost identical to the Tg1 of the neat PBAT. This result suggests that SPC was
not soluble in PBAT at all even with the addition of PBAT-g-MA. The slight decrease in Tg1 in
the compatibilized blends was most likely due to incorporation of PBAT-g-MA into the matrix.
The Tg2 of PBAT in the blends with and without compatibilizer showed the similar change like
Tg1. Again, the Tg2 of PBAT overlapped with the damping peak area of the SPC phase (Zhang
2006); the values of Tg2 of PBAT in the blends could not be properly identified from the
damping peaks. The elastic modulus (E') of SPC was ca. 12 times that of the neat PBAT and
SPC (Chen & Zhang 2009) was largely in the glassy state in the testing temperature range of the
DMA experiment (Zhang et al. 2006). Improved interfacial adhesion for the blends with
PBAT-g-MA assisted the contribution of SPC to the superior elastic modulus (E') in the rubbery
region compared with that of the uncompatibilized PBAT/SPC blends. For the same reason, the
blends all displayed a reduced damping peak height compared to neat PBAT. On the other hand,
the addition of compatibilizer further reduced the height of damping peak, which may also be
due to more effective contribution of SPC phase under condition of good interfacial adhesion
(Sumita 1984).
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Figure 5.11 Effect of compatibilizer on the dynamical mechanical properties of PBAT/SPC
blends.

5.3.7 Water absorption and wet strength
The specimens of PBAT/SPC blends with and without compatibilizer PBAT-g-MA were
able to maintain the original shape except for a little swelling after reaching equilibrium of water
absorption in immersion test. Figure 5.12 shows that the water uptake curve for uncompatibilzed
PBAT/SPC (70/30 w/w) blend was lower than that of the compatibilized blend during the whole
testing period. One reason for this phenomenon could be due to the constant loss of soy protein
into water, and hence the weight gained was compromised. This could be seen from the
specimen after water absorption, the dents on the surface of uncompatibilized specimen were
more obvious than those on the compatibilized blends. Another reason could be the dispersed
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SPC phase in the uncompatibilized blends. The lack of interconnected path limited the water
uptake of the hydrophilic SPC phase, since water cannot easily reach the inner part of the blends.
Figure 5.13 shows the stress-strain curves of PBAT /SPC (70/30 w/w) blends with and without
compatibilizer before and after water absorption for 24h. Expectedly, both stress and modulus
reduced while elongation increased for the blends in the wet state compared with the dry state.
However, the variation was more significant for the compatibilized blends. In the wet state, the
contribution of percolated SPC structure to the mechanical properties of the compatibilized
blends was lost since SPC phase was moisturized and lost its original rigidity.
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Figure 5.12 Effect of compatibilizer on water uptake of PBAT/SPC (70/30 w/w) composites as a
function of time, the water content in pre-compounding SPC is fixed at 22.5%.
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Figure 5.13 Effect of compatibilizer on the stress-strain curve of PBAT/SPC (70/30 w/w)
composites after 24h water immersion, the water content in pre-compounding SPC was fixed at
22.5%.

5.4 Conclusions
High rigid filler loading level could either increase or decrease the mechanical strength of
polymer blends or composites, depending on the interfacial adhesion. The phase morphology of
PBAT/SPC blends was found to be greatly influenced by the presence of compatibilizer. Without
compatibilizer, the SPC phase exhibited very coarse phase structures and large domain sizes. The
addition of maleic anhydride grafted PBAT as compatibilizer resulted in fine morphological
structure of the blends and elongated SPC domains, which were observed to be more obvious
with increasing SPC content. The formation of percolated SPC network structure was noted only
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for the PBAT/SPC blends with compatibilizer added, as revealed by the analyses of
morphological structure, dynamic rheological properties and mechanical properties of the blends.
The formation of percolated SPC structure greatly improved the mechanical properties of the
PBAT/SPC blends, such as yield stress, tensile strength and elastic modulus, while reduced yield
strain and strain at break. Dynamic mechanical properties of the blends were also greatly
affected by the phase structure. Storage modulus of the PBAT/SPC blends was increased with
the addition of compatibilizer in the whole testing temperature range. The impact mechanical
properties of the uncompatibilized PBAT/SPC blends were higher than the compatibilized ones.
The addition of compatibilizer in blends was shown to be the prerequisite of obtaining high
performance PBAT/SPC blends in term of strength and modulus.
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Chapter 6 Summary and Conclusions
Processing SPC as a plastic component blending with PBAT and the morphological
structures and properties of the resulting blends were studied in detail. Because of the extensive
crosslinking during compounding and the fact that most water evaporated after drying the
compounds, the SPC phase was not able to flow like a plastic and largely lost its deformability in
the subsequent processing. Therefore, the compounds became in-situ formed composites. Effects
of three major factors, i.e. SPC deformability, PBAT/SPC composition ratio and
compatibilization, which regulated the SPC deformation in the compounding process and
formation of percolated structure, were thoroughly investigated. Our research revealed that the
deformability of SPC phase in the compounding process was determined by water content in the
pre-compounding SPC and the achievable deformation depended on SPC/PBAT composition
ratio as well as the presence of compatibilizer. Generally speaking, the deformation of SPC
phase depends on two causes: intrinsic and extrinsic. During the blending process, high water
content in pre-compounding SPC resulted in low viscosity ratio of SPC/PBAT; this relative
softness of SPC enabled itself to be deformed in processing, which is the intrinsic cause; high
SPC loading level led to high melt shear stress imposed on SPC, hence the driving force from the
flow compelled the deformation of SPC particles; PBAT-g-MA compatibilized the interface and
decreased the interfacial tension and therefore prevented the agglomeration of the SPC domains,
hence high shear stress and low interfacial tension were the extrinsic cause. The formation of
percolated SPC structure was directly related to its geometry and loading level. There was a
balance between these two elements: the required SPC loading level would be reduced if its
aspect ratio increased.
The deformability of SPC phase could be manipulated by water content in pre-compounding
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SPC. For the blends with 30%SPC, the SPC phase changed from rigid (non-deformable) filler to
deformable filler to plastic in the compounding process by varying the water content in the
pre-compounding SPC from 0.6 to 22.5%. With 7.5% water content, SPC was only plasticized
limitedly but did not possessed sufficient deformability in compounding process, and SPC
particulate dispersed phase instead of percolated structure was resulted in this case. The critical
water content in pre-compounding SPC to form percolated structure is at ca. 10%. Higher water
content in pre-compounding SPC led to superior percolated structure with more interlocking
loops.
SPC loading level significantly influenced the shear stress of the melt in the compounding
process and therefore played an important role in regulating SPC phase structure in the blends.
Percolated structure was not able to form when the volume fraction of the minor phase SPC was
lower than a certain level. For the blends with 22.5% water in pre-compounding SPC, the
percolation threshold fell around 25% SPC. Similarly, superior percolated structure and hence
improved overall properties of the blends were resulted from higher SPC loading level. However,
it is worth mentioning that due to high viscosity, the blends with SPC content beyond 50wt%
was difficult to be processed by injection molding. The attempt of blending PBAT/SPC in 30/70
(w/w) ratio was not successful, because the melt viscosity was too high and SPC was scorched
severely.
The influence of deformability (controlled by water content in pre-compounding SPC) of
SPC on phase structure of blends has been found to correlate with the shear stress (controlled by
SPC loading level) in compounding. When SPC loading level was high, e.g. 50% SPC, the dried
SPC containing only 10% glycerol (on the basis of SPC dry weight) as plasticizer was still able
to deform in the compounding process. However, when the SPC loading level was low, e.g. 15%
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SPC, the shear stress incurred from flow field was too low to deform the SPC phase in
compounding process even though SPC contained 10% glycerol and 22.5% water prior to
compounding.
Maleic anhydride grafted PBAT (PBAT-g-MA) has been proven to be an effective
compatibilizer for PBAT/SPC blends. It greatly reduced the interfacial tension and improves the
interfacial adhesion. Fine morphological structure of the blends and elongated SPC domains
were resulted by the addition of the compatibilizer. Percolated structure could not be found in the
uncompatibilized blends, where SPC tended to form agglomerates due to the high interfacial
tension. Poor interfacial bonding led to low mechanical properties, especially at high SPC
loading levels. The addition of compatibilizer in blends was shown to be the prerequisite for
obtaining high performance PBAT/SPC blends.
A sudden jump of yield stress (σy) and relative storage modulus (G'blend/G'PBAT) could be seen
when the percolated structure started to form. Rheological percolation of the SPC phase in the
blends was verified by the crossover of G' and G'' on the plot of log(G') vs. log(ω) and log(G'') vs.
log(ω). The morphological evidence of percolated structure was revealed by the connected SPC
network structure with interlocking loops. There was a good agreement between theoretical
percolation model and the experimental percolation thresholds. The PBAT/SPC blends with
percolated SPC structure demonstrated superior overall properties than the blends using SPC as
particulate filler. The preparation method of in-situ PBAT/SPC composites and the findings on
the structure-property relationship set up the framework for the future research and development
of SP-based polymer blends and composites, and will greatly contribute to the commercialization
of SP-based plastic products in the long run.
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