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Thermoplastic starch-based composites generate worldwide interest as they are based on green raw

materials and undergo complete degradation. The composites were first fabricated from starch and

sisal fibers as the major materials via the forming process. The effect of starches with different

contents of single- and multicomponent plasticizers on the cushioning properties of the composites

was studied. An increase in plasticizer contents within a certain range is shown to enhance materials

resistance to pressure and its cushioning performance. With the multicomponent plasticizer content

of 15%, the resistance to pressure for four types of composites prepared at different weight ratios of

formamide and urea were of the order of 2:1�1:1�1:2, and that of the four types of composites

fabricated at different weight ratios of glycerol and ethylene glycol were of the order of 1:2�

2:1�1:1. Multicomponent plasticizer-containing starch-based composites are shown to be irregular

elastomers and the stress-strain relation to be first defined by a hyperbolic tangent curve function

and then by the tangent one.

Keywords: biodegradation, starch-based composite, single/multicomponent plasticizers,

cushioning package, compression behavior.

Introduction. The application of plastic packing materials has brought considerable

convenience to humansociety, but also leads to “white pollution” and other environmental

problems. To solve these problems, scholars [1–4] have focused on the use of biomass

composites in recent decades. Starch-based composites are a class of new cushion

packaging materials whose principal components are plant fibers and starch. Starch-based

composites using natural resources as raw materials possess excellent biodegradability

[5–8]. These composites can not only mitigate the pollution problem but also avert a

biochemical crisis [9–11]. Therefore, green alternatives such as starch-based composites are

presently a hot topic of research.

Starch is a natural polymer with many intramolecular and intermolecular hydrogen

bonds; hence, its molecules are strongly bonded. When small molecules are added into

starch and mixed, new hydrogen bonds are formed that are capable of replacing the

hydrogen bonds of starch molecules. The new hydrogen bonds can decrease the

intermolecular force of molecules and increase their capacity for action [12, 13]. Thus,

these small molecules impart thermoplasticity to plastic. As an important component of

starch-based composites, thermoplastic starch (TPS) significantly influences the properties

of the compound material.

In recent years, many reports have been published on TPS-based composites. Liu et

al. [14] studied the plasticizing mechanism of plasticized starch by infrared spectroscopy

and X-ray diffraction. Ma and Yu [15, 16] studied the mechanism of interaction between

the hydrogen bonds of starch and the plasticizer in glycerol-plasticized thermoplastic starch

(GPTPS) and formamide-plasticized thermoplastic starch (FPTPS). Aichholzer and Fritz

[17] and Della Valle et al. [18] analyzed the rheological properties of TPS-based

composites. Guo et al. [19] and Canché-Escamilla et al. [20] studied the biodegradability of

TPS composites. Some scholars [21–24] investigated the cushioning performance of

© A. F. GUO, J. F. LI, F. Y. LI, J. XU, C. W. ZHANG, S. CHEN, 2019

24 ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2019, ¹ 1



common cushion packaging materials using static compression tests. Nevertheless, to the

best of the authors’ knowledge, there has been no comprehensive study focusing on the

mechanical properties of TPS-based composites.

In this study, the effect of TPS with different proportions of single and compound

plasticizers on the cushioning properties of their composites was studied by analyzing the

static compression curves of the composites via static compression tests using formamide,

urea, glycerol, and ethylene glycol as plasticizers.

1. Materials and Experiments.

1.1. Materials and Equipment. Materials: Sisal fibers of 100–150 mesh with a length

of 5–10 mm were provided by Yantai Jiulong Co., Ltd. Corn starch with an average

diameter of 70 nm was purchased from Hebei Huachen Starch Sugar Co., Ltd. Analytical

reagent (AR) grade formamide was purchased from Tianjin Damao Chemical Reagent

Factory. AR grade urea was purchased from Tianjin Guangcheng Chemical Reagent Co.,

Ltd. AR grade ethylene glycol and glycerol were purchased from Tianjin Fuyu Fine

Chemical Co., Ltd. Other materials such as talcum powder of 0.038 mm grade, stearic acid,

foaming agent AC, polyvinyl alcohol (99% purity) AR grade sodium hydroxide, and

distilled water were purchased from Tianjin Guangcheng Chemical Reagent Co., Ltd.

Table 1 shows the materials used in the preparation.

Testing equipment included: electronic constant temperature water bath (model

HHS-2), precision electric mixer (model JJ-1), electronic balance (model JM-B),

electrothermal constant temperature dry box (model DHG), double column simplex

mechanical compression machine, and microcomputer-controlled electron universal testing

machine (model WDW-100A).

1.2. Preparation of Starch-Based Composite. The preparation process can be

subdivided into four stages: fiber pre-treatment, TPS preparation, slurry mixture, and

foaming (Fig. 1).
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T a b l e 1

Materials Used in the Preparation

Material Type Material Type Material Type

Sisal fiber 5–10 mm

length

Urea AR grade Talcum

powder

0.038 mm

grade

Corn starch 70 nm

diameter

Ethylene

glycol

AR grade Polyvinyl

alcohol

99% purity

Formamide AR grade Glycerol AR grade Sodium

hydroxide

AR grade

Fig. 1. Preparation of thermoplastic starch-based composites.



(1) Fiber pretreatment: The sisal fibers were immersed in 5% sodium hydroxide

solution for 4 h. Then, they were washed with distilled water until pH=7 was reached.

Finally, they were dried at 80�C for 8 h in a heat oven.

(2) TPS preparation: Single plasticizer: FPTPS and urea plasticized thermoplastic

starch (UPTPS) were compounded in the proportion of 10, 15, and 20%. GPTPS and

ethylene glycol-plasticized thermoplastic starch (EGPTPS) were compounded in the

proportion of 15%.

Compound plasticizer: The proportion of formamide to urea in formamide-urea

plasticized thermoplastic starch (FUPTPS) was set at 2:1, 1:2, and 1:1. The proportion of

glycerol to ethylene glycol in glycerol-ethylene glycol-plasticized thermoplastic starch

(GGPTPS) was set at 2:1, 1:2, and 1:1.

Starch and water were mixed according to the formula ratio. Then starch was pasted

in 75-85°C water. Subsequently, the plasticizer was stirred and added to the starch.

(3) Slurry mixture: The amount of TPS and sisal fibers used in this process was 500 g.

They were treated by alkali, added to a mixer, and stirred for 20 min at room temperature.

Subsequently, the additives were added to the slurry for 30 min.

(4) Foaming: The mixed slurry was poured into a mold of size 300 300� mm, with the

upper mold temperature set at 180°C, the lower mold temperature set at 195�C, pressure set

at 3 MPa, and the elevate pressure was set of 20 s. Then, the pressure process was

continued for 30 s. Finally, the product was removed from the mold.

1.3. Testing of Mechanical Properties of Starch-Based Composite. According to the

method of GB 8168-2008 [25], standard samples (100 100 25� � mm) were used for the

static compression test. The samples were pressed by increasing load along the width at a

speed of 12 mm/min. The test was performed at a speed of 10 mm/min until the sample was

crushed. The loads were recorded automatically. The compressive stress and strain were

calculated by formulas (1) and (2), respectively:

� �
P

A
, (1)

where � is the compressive stress (MPa), P is compressive load (N), and A is test

sample cross-sectional area (mm2),

��
�T T

T

j
, (2)

where � is the compressive strain (%), T is original thickness of testing sample (mm), and

T j is thickness after testing (mm).

According to the stress–strain curve obtained by analyzing the test data, the volume

deformation energy and cushion coefficient at different stresses were calculated. Then, the

cushion coefficient–stress curve was plotted as follows:

(i) Divide the area under the stress–strain curve into several small areas. The smaller

the area, the higher is the computational accuracy.

(ii) Calculate � i and � i (i� 1 2 3, , , ...).

(iii) Calculate the increment in every stressed section, that is, calculate the proportion

of each area

	ui i i i i� 
 �� �

1

2
1 1( )( ).� � � � (3)

(iv) Calculate the corresponding creep resistance ui ,

u ui k� �	 ( , , ... , ).k i� 1 2 (4)

A. F. Guo, J. F. Li, F. Y. Li, et al.

26 ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2019, ¹ 1



(v) Calculate the corresponding cushion coefficient Ci ,

C
u

i
i

i

�
�

. (5)

(vi) Draw the cushion coefficient–maximum stress curve, taking C as the ordinate

and � as the abscissa.

2. Results and Discussion.

2.1. Influence of Single Plasticizers on Properties of Composites. Figure 2 shows the

compressive stress–strain curves of the FPTPS- and UPTPS-based composites, respectively.

When the plasticizer content is in the range 10–20% at a fixed strain, the stress decreases

with an increase in the plasticizer content. The higher the resistance to pressure of the

material, the greater its cushioning performance.

Figure 3 shows the compressive stress–strain curves of the GPTPS-, EGPTPS-,

UPTPS-, and FPTPS-based composites with a plasticizer content of 15%. When the

plasticizer content is fixed, the stress of the four materials follows the order FPTPS�

UPTPS�EGPTPS�GPTPS; therefore, the resistance to pressure follows the order

FPTPS�UPTPS�EGPTPS�GPTPS. As stated above, the higher the resistance to

pressure, the better the cushioning performance. Accordingly, the cushioning performance
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Fig. 2. Compressive stress–strain curves of FPTPS- (a) and UPTPS-based (b) composites.

Fig. 3. Compressive stress–strain curves of four starch-based composites.
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of FPTPS and UPTPS is better than that of EGPTPS and GPTPS. The reason for the higher

stress of FPTPS and UPTPS is that formamide and urea have a C�O group and exhibit

strong electronegativity; hence, they easily form hydrogen bonds with the hydrogen atoms

of starch. Besides, the �NH2 group of formamide and urea can form hydrogen bonds with

the ether bonds of starch. Therefore, the plasticizing effect of formamide and urea is better

than that of glycerol and ethylene glycol; thus, better-quality TPS can be obtained when

using formamide and urea as plasticizers.

As shown in Fig. 2, FPTPS and UPTPS are tangent-curve elastomers that show a kind

of tangential relation between stress and strain. Taking the stress–strain curve of UPTPS

with a plasticizer content of 10% as an example, in segment a, strain increases gradually

with increasing stress, the local distortion of stress is larger, and stress does not exhibit a

very large change; hence, the material shows definite cushioning performance. In segment

b, when stress reaches the extreme value of compression, bubbles in the material burst and

gas is expelled, and the material is pressed. Therefore, the stress increases sharply and the

cushioning effect disappears.

Figure 4a shows the static cushion coefficient–stress curves of the FPTPS-based

composites. Figure 4b shows the static cushion coefficient–stress curves of the UPTPS-

based composites. As can be seen from Fig. 4a, the cushion coefficient of the material first

decreases and then stabilizes with an increase in stress; the smallest cushion coefficient

obtained for the FPTPS-based composites is 5. Figure 4b also shows that the cushion

coefficient of the material decreases first and then stabilizes with an increase in stress; the

smallest cushion coefficient obtained for the UPTPS-based composites is in the range 4–6.

2.2. Influence of Compound Plasticizers on Properties of Composites. Figure 5a

shows the compressive stress–strain curves of FUPTPS-based composites. At a plasticizer

content of 15%, the resistance to pressure of the starch-based composites prepared using

different mass ratios of formamide and urea follows the order 2:1�1:1�1:2. Figure 2b

shows that the cushioning performance of the FPTPS-based composites is better than that

of the UPTPS-based composites, with the latter being hard and brittle. If urea is replaced by

formamide, the brittleness of the compound material decreases, increasing its flexibility.

Figure 5b shows the compressive stress–strain curves of the GGPTPS-based

composites. At a plasticizer content of 15%, the resistance to pressure of the starch-based

composites prepared using different mass ratios of glycerol and ethylene glycol follows the

order 2:1�1:1�1:2. Figure 3 shows that the cushioning performance of the EGPTPS-

based composites is better than that of the GPTPS-based composites. Similarly, when
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Fig. 4. Static cushion coefficient–stress curves of FPTPS- (a) and UPTPS-based (b) composites.



glycerol is partially replaced by ethylene glycol, the cushioning performance of the

compound material is enhanced.

Under conditions of constant compound plasticizer content and stress, the mass ratio

of the compound plasticizer and resistance to pressure are different.

From Fig. 5, we can see that FUPTPS and GGPTPS are irregular elastomers. Their

stress–strain relation first shows a hyperbolic tangent curve function and then a tangent

curve function. Taking compressive stress–strain curves of FUPTPS-based composites in

Fig. 5a as an example, we can see a hyperbolic tangent curve function relationship in

segment c, and at the elastic stage, the material undergoes a small deformation and the

cushioning performance is good. However, there exists a tangent curve function relationship

in segments d and e.

Figure 6a shows the static cushion coefficient–stress curves of the FUPTPS-based

composites. With increasing stress, the cushion coefficient of the material first decreases

and then stabilizes. The smallest cushion coefficient obtained for the FUPTPS-based

composites is between 4.5 and 5.5. With a change in the mass ratio of formamide and urea,

the cushion coefficient of the material changes greatly. When the mass ratio of formamide

and urea in the compound plasticizer is 2:1, the cushion coefficient is the smallest and the

cushioning performance of the material is the best.
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Fig. 5. Compressive stress–strain curves of FUPTPS- (a) and GGPTPS-based (b) composites.

a b

Fig. 6. Static cushion coefficient–stress curves of FUPTPS- (a) and GGPTPS-based (b) composites.



Figure 6b shows the static cushion coefficient–stress curves of the GGPTPS-based

composites. We can see that with increasing stress, the cushion coefficient of the material

first decreases and then stabilizes. The smallest cushion coefficient for the GGPTPS-based

composites is between 4.5 and 5. With a change in the mass ratio of glycerol and ethylene

glycol, the cushion coefficient of the material changes greatly. When the mass ratio of

glycerol and ethylene glycol in the compound plasticizer is 1:2, the cushion coefficient is

the smallest and the cushioning performance of the material is the best.

C o n c l u s i o n s

1. Plasticizers enhance the flexibility of starch-based composites. Within a certain

range, as the plasticizer content increases, the resistance to pressure of the composite and its

cushioning performance increase.

2. FPTPS and UPTPS are tangent-curve elastomers showing a kind of tangential

relation between stress and strain, while compound plasticizer starch-based composite

materials are irregular elastomers. The stress-strain relation of the latter is first a hyperbolic

tangent curve function and then a tangent curve function.

3. When the single plasticizer content is 15%, the resistance to pressure of the four

types of composites prepared using single plasticizers follows the order FPTPS�UPTPS�

EGPTPS�GPTPS. When the compound plasticizer content is 15%, the resistance to

pressure of the four types of FUPTPS composites prepared using different mass ratios of

formamide and urea follows the order 2:1�1:1�1:2, and that of the four types of GGPTPS

composites prepared using different mass ratios of glycerol and ethylene glycol follows the

order 1:2�2:1�1:1.
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