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Abstract

As environmental pollution continues to rise, the demand for biodegradable materials, particularly biodegradable foams, is
steadily increasing. We prepared high-density foam using extended poly(butylene adipate-co-terephthalate) (E-PBAT) and
poly(propylene carbonate) (PPC), with basalt fiber (BF) serving as the filler, through an extrusion process. We conducted a
detailed study to investigate the impact of PPC and BF content on the foaming of E-PBAT. We conducted a detailed study
on how PPC and BF content influence the foaming of E-PBAT. This investigation revealed the formation of various phase
morphologies within the composites, including “island-sea,” “quasi-co-continuous,” and “co-continuous” structures, which,
in turn, altered the cellular morphology. The BF network played a crucial role as a structural backbone, enhancing the com-
posite material's modulus, yield strength, and rheological complex viscosity (I7*l). Additionally, fiber networks can also serve
as nucleation sites to promote cell nucleation and increase cell density. A higher cell density allows for more effective force
transfer when the foam experiences external pressures, thereby enhancing its mechanical properties. We also summarized the
mechanisms behind the changes in phase structure and fiber content on cell morphology. This summary provides valuable
guidance for research on the extrusion foaming of biodegradable materials.
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Introduction

Polymer foams find extensive applications in various fields,
particularly in packaging materials, owing to their excep-
tional attributes such as lightweight, specific strength,
heat insulation properties, and sound isolation capabili-
ties. Nonetheless, as foam waste accumulates and poses an
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environmental threat, there is a growing urgency to identify
effective alternatives to conventional materials [1-3].

With the widespread use of biodegradable materials in
the market, promising alternatives to traditional plastics
have emerged. PBAT, a copolymer comprising a rigid BT
segment (butylene terephthalate) and a flexible BA seg-
ment (butylene adipate) with excellent ductility and bio-
degradability [4], offers a compelling option. PBAT foams
exhibit properties similar to those of traditional polyethyl-
ene (LDPE) foam, including sound and thermal insulation.
This makes them a potential replacement for LDPE foam in
applications such as packaging, biomedical, and automo-
tive industries [5—7]. Another noteworthy biodegradable
polymer is Poly(propylene carbonate) (PPC), synthesized
from propylene oxide and carbon dioxide, offering excellent
processing capabilities in methods like blown film, com-
pression molding, injection molding, and extrusion casting
[8—10]. Guan et al. conducted a study on the impact of the
blowing agent (N, N’'-dinitroso pentamethylene tetramine
(DPT)) ratio on PPC foaming. It was found that DPT had a
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chain-expanding effect on PPC, resulting in excellent foam-
ing when the DPT content ratio ranged from 2 to 3 mass%
[11].

PBAT and PPC blends have been the subject of extensive
research. Pan et al. conducted a study in which they prepared
PBAT and PPC blend blowing film. They observed a sig-
nificant increase in tear strength, both in the machine direc-
tion (MD) and transverse direction (TD), with an increasing
PPC content. Additionally, the gas barrier properties also
saw a significant improvement [12]. In a separate study, Ma
et al. incorporated PPC and nanosilica as reinforcing mate-
rials into PBAT. They discovered that this resulted in the
formation of a double percolation structure in PBAT/PPC
(70/30) blends. This structural change led to a reduction in
the droplet size of PPC and a significant enhancement in
the storage modulus and Young’s modulus of the blends
[13]. Due to PPC's unique structure and its exceptional CO2
adsorption capacity, Liu et al. successfully created PBAT/
PPC foam. This foam exhibited a foaming ratio of 15 times
when subjected to high-pressure CO2 and the ADR-4368
chain extender [9].

Compared to single polymer, composites exhibit a variety
of foaming behaviors depending on the interfacial interac-
tion and phase structure [14]. Fiber is natural or artificially
oriented material that is often used as fillers in polymer.
What is more, the difference in content and distribution of
fiber in the matrix has an impact on the melt strength, crys-
tallinity, and interfacial interaction, which affect the foaming
behavior [15]. An investigation had shown that, when maple
fiber was added into polyurethane foam, the cell distribu-
tion was more uniform and cell size became larger. Interest-
ingly, due to the addition of fibers in the synthesis process,
a network structure will be formed in the polymer chain,
resulting in the obstruction of chain joint movement and the
increase of Tg [16]. Wang et al. used castor oil as matrix to
prepare biodegradable foams by adding short sisal fibers.
And the effects of fiber length, fiber content and alkali or
silane coupling agent on foam properties were summarized
[17]. A study of physical foaming of poly(lactic acid) (PLA)/
pulp fiber composite was described by Rokkonen et al. [18].
Isobutane blowing agents were found to have a smoother
foam surface than CO, blowing agents, and the pulp fibers
helped to reduce cell size and inhibit prone rupturing and
coalescing. In Kuang’s study [19], polytetrafluoroethylene
(PTFE) powder was added to PPC and poly (butylene suc-
cinate) (PBS) blends to produce composite foam and was
processed into fibrous filaments by the shearing action of the
screw extruder, thereby enhancing the mechanical properties
and foaming capacity. The same phenomenon was confirmed
by Peng’s research [20], where the formation of a network of
PTEE fibers led to significant improvements in the rheologi-
cal and mechanical properties of the polymer.
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Basalt fiber (BF) originates from solidified lava from
basalt-based volcanic rocks [21]. As an inorganic fiber mate-
rial, BF distinguishes itself not only for its cost-effectiveness
compared to carbon fiber but also for its superior mechanical
properties when compared to E-glass fiber. When used as a
filler, BF finds extensive application in polymer materials
due to its high modulus, exceptional strength, and excel-
lent thermal stability [22, 23]. Kurariska et al. were pio-
neers in incorporating low-cost BF waste into polyurethane
(PU) foam, resulting in significant enhancements in thermal
properties, thermo-mechanical stability, and curing strength.
This approach to recycling industrial waste is environmen-
tally friendly [24]. In another study, Wang et al. introduced
short BF into Polyether-Ether-Ketone (PEEK) to create com-
posites. These composites exhibited an impressive specific
wear rate, with the lowest value recorded at 25% BF content,
measuring 5.28 X 10”7 m®> N~! m~! [25]. Pan et al. made
a noteworthy discovery concerning coupling agent-treated
BF (SBF) and BF powder (SBFP). These materials not only
acted as heterogeneous nucleating agents for PLA but also
enhanced its mechanical properties. The impact strength of
PLA/SBF/SBFP 50/30/20 reached 16.8 kJ m~2, and the heat
deflection temperature improved from 59 to 140 °C. None-
theless, BF may indeed contribute to enhancing foaming
properties and reinforcing foams.

In previous study, we investigated the foaming behavior
of extended PBAT (E-PBAT)/PPC blends in relation to their
composition by extrusion. Considering the effect the phase
structure and complex viscosity on the foaming properties of
the blends, the structure of cells changed noticeably, but the
density of cells was not expected [26]. BF is not commonly
used in polymer foaming due to its inert surface proper-
ties and high density. Nevertheless, this paper introduces
BF into various PBAT/PPC blend ratios. The objective of
this research is to investigate how the BF content affects the
mechanical properties, thermal properties, viscosity, and cell
structure of these blends. Ultimately, the aim is to present
BF as a superior alternative to traditional foam materials.

Experimental
Materials

The PBAT (45%BA-co-55%BT) used in this experiment
was supplied by Xinjiang Blue Ridge Tunhe Polyester Co,
Ltd, and number average molecular weight (M,) and poly-
dispersity index (PDI) were 8.9 x 10* g mol~! and 1.85,
respectively. PPC was produced by Changchun Institute
of Applied Chemistry, Chinese Academy of Sciences.
The M, and PDI of neat PPC determined by GPC were
3.0x 10° g mol™! and 2.1, respectively. The bis(tert-
butyl dioxy isopropyl) benzene (BIBP) was supplied by
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Dongguan Huan-zong Trading Co. Ltd. (Guangdong,
China). The chemical foaming agent Azodicarbonamide
(AC) was supplied by Shanghai Dingfen Chemical Tech-
nology Co, Ltd (AR grade, 97% purity). Short BF was
supplied by Shenzhen Tianzhitu Co, Ltd. The length of BF
was 6 mm, with a diameter of about 15 um.

PBAT chain extension modification

PBAT was dried in an oven at 60 °C for 6 h before mix-
ing to minimize the effect of moisture, then mixed with
0.2 mass% BIBP and added to the twin-screw extruder
(SHJ-20, Lanzhou Lantai Plastics Machinery Engineering
Co. Ltd, Lanzhou, China, L/D =20) to obtain the E-PBAT,
the extrusion temperature was 120-180 °C from the feed
throat to the die for nine temperature range, and the rotor
speed was 200 rad min~!. E-PBAT was cooled in a water
bath, cut into pellets and dried in an oven for 24 h before
foaming.

Foaming process

E-PBAT, PPC, and BF were blended with 2 mass% AC
foaming agent using a twin (single) screw extruder unit
(Tianhua Chemical Machinery and Automation Research
and Design Institute Co, Ltd, S(T)J-20/25) to prepare
E-PBAT/PPC/BF foam. Table 1 shows the composition of
the E-PBAT/PPC/BF foam. The processing temperature at
15 zones was independently in the range of 130-150 °C,
the twin-screw speed was 200 rad min~!, single-screw
speed was 450 rad min~!, the residence time was around

Table 1 The composition of the E-PBAT/PPC/BF foam composites

Samples (wt/wt/wt) E-PBAT PPC BF
90/10/X 90 10 0
90 10 1
90 10 3
90 10 5
90 10 7
70/30/X 70 30 0
70 30 1
70 30 3
70 30 5
70 30 7
50/50/X 50 50 0
50 50 1
50 50 3
50 50 5
50 50 7

Gas escape Z 4 : 5 C
E-PBAT ' 4 1) ¥ A
~ } 90/10/5
(' ,

<! \ =)

PPC 2 o) g

2 8

: :

= opper 2 é

—_— / o 70/30/5

[

(o5a333311111101010 'En

P A BRLLRLLLLLLLLL 1 T
e /

Melting

50/50/5

Fig. 1 Diagram of the foaming process

1.5 min, the input was 5 kg h™', and the output was
4.8 kg h™!. The foaming process is shown in Fig. 1.

Characterizations
Rheological measurements

The rheological behavior of the samples was measured
by a Physical MCR 2000 rheometer (TA Instruments
AR2000ex, USA) equipped with parallel plates (25 mm
in the diameter and 0.6 mm in gap) at 150 °C.

Tensile tests

The tensile tests were carried out on a universal testing
machine (WSM-2KN, Changchun Intelligent Instrument
and Equipment Co., Ltd., China), and dumbbell-shaped
sample (20 mm X4 mm X 1 mm) was cut from compres-
sion molded plate. The mechanical property parameters of
the samples were tested at 20 °C and a cross-head speed
of 20 mm min~!. Five specimens of each sample were
selected for testing and averaged.

Differential scanning calorimetry (DSC)

The thermal behaviors of E-PBAT/PPC/BF composites
were studied by TA Instruments (DSC Q20 with a Uni-
versal Analysis 2000). The samples (5-8 mg) were filled
and sealed in an aluminum tray, and the whole experiment
process was under the protection of nitrogen atmosphere
(flow rate of 50 mL min~"!). All samples were heated from
-60 to 150 °C at a rate of 10 °C min~! (first heating),
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isothermal for 3 min, then cooled to -70 °C at a rate of
10 °C min~"! (first cooling), and finally heated to 150 °C
at a rate of 10 °C min~! again (second heating).

Dynamic mechanical analysis (DMA)

DMA experiment was used by a dynamic mechanical ana-
lyzer (DMA 850, TA USA) to characterize the relationship
between the storage modulus and loss factor of the mate-
rial and temperature. Amplitude and frequency were 5 pm
and 1 Hz, and test temperature ranged from -60 to 80 °C at
3°Cmin~'.

Scanning electronic microscopy (SEM)

Both the morphology and cell structure of the foamed sam-
ples were observed using scanning electron microscope
(SEM, Merlin, Zeiss, Merlin) at 1 kV accelerating voltage.
A representative micrograph of greater than 50 bubbles was
obtained as well as the cell density (V,) and average cell area
in the micrograph was determined by Image J. The results
for each component were averaged over five samples and
error bars were made. N, the number of cells per cubic cen-
timeter of foaming samples was obtained by Eq. (1):

3/2
nM?
VAR e R (1)
A Py

where 7 is the number of cells in the SEM micrograph, M
is the magnification factor, A is the area of the micrograph
(cm?), p and p; are the mass densities of samples before and
after foaming treatment.

Result and discussion
Melt rheology properties

Rheological analysis was considered as an effective method
to evaluate the melt processing parameters, dispersion of
fillers, filler-matrix interaction, and morphology in compos-
ites. Figure 2 represents the complex viscosity (In*l) and
storage modulus (G") versus frequency for the E-PBAT/
PPC/BF foam composites. From Fig. 2a—c, as the PPC
content increased from 10, 30, and 50 mass%, the In*| of
the 90/10/X, 70/30/X, 50/50/X composites had an appar-
ent increase attributed to higher melt strength of PPC. As
the BF content increased from 1 to 7 mass%, In*| of the
90/10/X, 70/30/X, and 50/50/X composites increased with
increased shear frequency, and the reinforcement of BF
was more obvious in the low-frequency range than in the
high-frequency range. In high-frequency region, the fibers
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followed the flow effect of the polymer melt in terms of ori-
entation, thus reducing interlayer interactions [27], indicat-
ing the formation of a BF network and the inhibitory effect
of this network on chain relaxation [28]. The enhanced melt
strength and elasticity would be beneficial to support the cell
growth. The G’ slightly increased with increasing BF content
at frequencies ranging from 0.1 to 100 rad s™!, all samples
exhibited similar rheological curves, as shown in Fig. 2a’—’,
and possible reason may be that the fibers followed the flow
effect of the polymer melt in terms of orientation.

Tensile mechanical properties

The tensile stress—strain curves for 90/10/X, 70/30/X, and
50/50/X composites are shown in Fig. 3a—c. The main
mechanical properties are listed in Table 2. It was clear that
both PBAT and PPC composites showed toughness frac-
ture, while in 90/10/0, Young’s modulus and yield strength
were about 72.1 MPa and 7.2 MPa. However, the values
increased significantly with increasing PPC and BF con-
tent. With increasing PPC content, the Young’s modulus
and yield strength of the composites increased to 210.9 MPa
and 8.7 MPa of 50/50/0. The increase in BF in the com-
posites also resulted in a significant increase in Young’s
modulus and yield strength, after addition 7 mass% BF, the
Young’s modulus increased by 98.7% and yield strength
increased by 39.8% in the 90/10/X component. In addition,
in the curves of the composites, the yield behavior was more
obvious under the synergistic effect of phase structure and
BF, and the maximum Young’s modulus and yield strength
of 278.1 MPa and 14.1 MPa were achieved in the 50/50/7
component. Furthermore, the yield strain of the composites
exhibited a substantial increase as the BF content increased.
The maximum increase observed ranged from 8.7 for the
50/50/0 blend to 14.2 for the 50/50/7 blend. This suggests
that BF can effectively provide support for stresses before
yielding °C curs. The increase in modulus and yield strength
of composites may be due to the “island-sea”, “quasi-co-
continuous”, and “co-continuous” phase structures, which
were transferred from the matrix to BF when stressed,
resulting in a uniform and effective stress distribution, lead-
ing to a significant increase in Young’s modulus and yield
strength of the composites [29, 30]. In addition, the for-
mation of a fiber network supported the polymer matrix,
leading to an increase in modulus and yield strength [31].
With increasing BF content, the elongation at break of the
composites decreased, even was below 100%. Due to the dif-
ferent strain properties between BF and the polymer matrix,
PBAT/PPC deforms under tensile stress, but the fibers were
not, and when the tensile force was greater than the bond
strength between the fibers and the matrix, interface debond-
ing resulted in a reduction in elongation at break [13]. In
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addition to that, for discontinuous fiber-filled composites
sometimes show ineffective reinforcement because of the
subcritical length of the fiber and poor interaction between
fibers and matrix. Although the elongation at break of the
composites decreased as the components changed, in most
cases it maintained a high modulus and stress.

Thermal behaviors

DSC was used to investigate the effect of the component on
the thermal and crystalline properties. The second heating
and cooling traces of E-PBAT/PPC and E-PBAT/PPC/BF
composites were shown in Fig. 4a, b, respectively, and the
corresponding data are listed in Table 3. The small peak at
around -33 °C was T, of PBAT. At the same time, PPC was
an amorphous polymer with a glass transition temperature

ang.frequency/rad s

around 35 °C. It was worth nothing that the T, of PBAT
decreased from —32.8 °C of 90/10/0 to —34.7 °C of 50/50/0,
while the 7, of PPC decreased from 36.1 to 31.0 °C. Accord-
ing to Gao et al. analysis [32], PPC had a “solvent” effect,
penetrated into the molecules of PBAT and thus reducing the
stacking density. However, the decreased in 7, of PPC may
be attributed to free volume effect [12]. From the crystal-
linity data, it becomes evident that an increase in PPC con-
tent results in a decrease in the crystallinity of PBAT. This
phenomenon is likely due to the amorphous phase of PPC
becoming embedded in the PBAT molecular chain, thereby
restricting the formation of crystalline regions. Additionally,
the weak crystallization capacity of PBAT, coupled with
the influence of fibers on crystallization, leads to a decline
in crystallinity. This decline is more pronounced and influ-
enced by the fiber network content. During the foaming
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Fig. 3 Tensile stress—strain
curves for a 90/10/X, b
70/30/X, and ¢ 50/50/X com-

posites
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Table 2 Tensile dates of 90/10/X, 70/30/X, and 50/50/X composites

0 10 20 30

40

T

50 60 70 80

Stress/MPa

800

Sample name Young’s modulus/MPa Yield strength/MPa Tensile Elongation at break/% Yield strain/%
strength/MPa
90/10/0 72.1+10.2 72+0.6 252432 480.9+55.7 7.2+0.9
90/10/1 80.8+12.3 8.6+0.7 209+2.8 387.3+£32.8 8.7+0.8
90/10/3 113.1+£13.5 10.3+£0.9 22.5+£2.5 403.8+37.6 10.1+£0.7
90/10/5 139.1£17.0 10.9+0.9 20.4+2.2 332.6+28.0 10.3+£0.6
90/10/7 143.3+£19.8 10.1+£0.8 11.1£0.9 171.1+20.1 11.0£0.9
70/30/0 138.1£17.6 72+0.6 119+1.1 719.9+£68.9 7.2+0.7
70/30/1 159.3+£17.5 8.7+0.8 125+1.1 718.1+£70.8 8.7+0.8
70/30/3 185.9+£19.5 9.8+0.9 10.9+0.8 223.9+20.2 9.3+0.8
70/30/5 205.0+21.2 11.0+1.1 11.0£1.0 231.8+£20.1 9.9+0.7
70/30/7 217.7+£21.1 9.4+0.8 9.5+09 206.1+19.9 11+£0.6
50/50/0 210.9+21.6 8.7+0.67 8.7+0.8 65.6+67.2 8.7+0.4
50/50/1 228.7+£22.3 11.1+1.1 11.1£1.0 76.6+7.1 8.9+0.7
50/50/3 240.1+£24.2 10.3+£0.9 103+£1.0 129+1.1 10.3+0.5
50/50/5 263.8+£25.5 104+1.0 10.4+0.8 57+04 10.5+£04
50/50/7 278.1+£252 14112 14.1+1.1 125+1.8 142408

process, the lamellae of the polymer crystalline structure
impede the diffusion of gas to the external environment
[33]. Conversely, a reduction in crystallinity enhances the

gas escape rate.
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Dynamic mechanical properties

Dynamic mechanical analysis (DMA) was apparent response
of the storage modulus (E"), which was a measurement of the
stiffness of the materials, as well as for the Tg (the tand peak).
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(a) 901000 Figure Sa—c shows the curves of E’ of 90/10/X, 70/30/X, and

; —90/10A 50/50/X composites, respectively. The decreasing step about

T -90/10/3 -30 °C was featured the glass transition of PBAT, whereas
——90/10/5 .

90/10/7 a broad decreasing step about 35 °C was related to the glass

g —— 70/30/0 transition of PPC. The values of E’ of the composites were

2 _;gggg influenced by the PPC and BF, and the increase in fibers

Z_..; ——70/30/5 can effectively improve the thermal stability of PPC. For

L _;ggg% example, at 60.0 °C, it was found that E’ of the 90/10/X

— 50/50/1 sample increased from 30.5 to 54.0 MPa, 70/30/X sam-

——50/50/3 ple increased from 20.6 to 53.7 MPa, and 50/50/X sample

_ggggﬁ increased from 12.5 to 49.6 MPa, increased by 77%, 160%,

_50 0 50 100 150 and 297%, respectively, indicating that the formation of fiber

Temperature/°C network improved the stiffness of composite [34] and the

(b) fibers being more likely to synergy with higher melt strength

—_ ggﬂ 8;? of PPC and increased the stiffness of the foam products [35].

T 90/10/3 The introduction of BF significantly improved the tensile

_ggﬂgﬁ yield strength and DMA hardness of composites, which

o |f — 70/30/0 improves the range of use of the material. Tané was used to

% , 4 70/30/1 measure the compatibility of the E-PBAT/PPC composites.

2 = :;gggﬁ Figure 5a’'—c’ presents tand curves of the E-PBAT/PPC/BF

s -70/30/7 composites. For E-PBAT/PPC/BF composites, tand curves

* | _ ggggﬁ ? revealed two T, values, where the higher 7, corresponded to

—— 50/50/3 PPC and the lower 7, corresponded to PBAT. The appear-

——50/50/5 ance of two T, values correspond to immiscibility of each

- : = 5058077 individual component. The Tg of PBAT in 90/10/X shifted

-50 0 50 100 150
Temperature/°C

Fig.4 cooling trace (a) and Second heating trace (b) of DSC curves
for composites

toward lower temperature with increasing BF content
(Fig. 5a’), and the result was consistent with DSC. The T,
of PBAT and PPC in 70/30/X was almost unchanged with
increasing BF content (Fig. 5b"). The 7, of PPC in 50/50/X
increased slightly around 35-40 °C for the glass transition.

Table 3 Thermal and crystalline

Dropertics of composites from E-PBAT/PPC/BF T,/°C T,/°C T,/°C AH /T g™ T./°C X%

DSC curves 90/10/0 -32.8 36.1 127.1 6.9 88.3 6.7
90/10/1 -33.1 35.8 126.4 6.2 88.6 6.1
90/10/3 -335 35.9 126.9 5.8 88.5 5.8
90/10/5 -336 36.4 126.7 5.7 88.3 5.8
90/10/7 —-342 36.1 126.8 5.6 88.5 5.9
70/30/0 —34.1 31.9 1263 45 89.2 5.7
70/30/1 -349 32.9 125.9 52 88.6 5.9
70/30/3 -338 334 125.6 45 88.0 5.9
70/30/5 -349 33.0 125.0 4.8 88.2 5.6
70/30/7 —344 33.3 128.1 3.9 88.1 5.3
50/50/0 -347 31.1 1253 32 89.0 5.6
50/50/1 -352 31.0 1245 33 89.5 5.8
50/50/3 -340 31.0 124.0 34 89.7 54
50/50/5 -353 31.3 125.0 2.9 89.3 54
50/50/7 -348 31.3 125.7 2.1 88.8 3.9

Melting temperature (7,,) and enthalpy (AH,,)

Degree of crystallinity, y. (%)=AH, /Wepar X AH® | (AH®,,, the melting enthalpy of 100% crystalline
PBAT being taken as 114 J =, Wpg 1 is the mass fraction of PBAT in the blend.)
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Foam behavior

The cell morphology of the foam and SEM images of BF
embedded in E-PBAT and PPC are shown in Fig. 6, and
the parameters of cell density, expansion ratio, and average
cell size of E-PBAT/PPC/BF composites are presented in
Fig. 7. From Fig. 6A, it was found that the cell density of
90/10/X sample increased significantly with increasing BF
content, and the highest cell density and the largest expan-
sion ratio were founded with 6.24 x 10° cells/cm® and 2.13
in 90/10/7 and 90/10/1. Wang et al. and Chen et al. demon-
strated that the fibers were embedded in the matrix and acted
as heterogeneous nucleation sites for the nucleation of bub-
bles, reducing the nucleation barrier described by classical
bubble theory [36]. Figure 6B shows the fracture surface of
E-PBAT/PPC/BF 70/30/X sample. In a previous study, we

@ Springer

investigated the foaming behavior of E-PBAT/PPC blends
in relation to their composition by extrusion, as the phase
structure changed from 90/10 “sea-island” structure to 70/30
“quasi-continuous” structure, cell was easy to form on the
interface of two phases [26]. After addition BF, the inor-
ganic fibers promoted the deformation of cells. The nuclea-
tion mechanism of cells during extrusion can be explained
as follows: Under the high-speed shear and high-temperature
conditions of the extruder, the blowing agent was thermally
decomposed to produce gas, and a large amount of gas was
dissolved in polymer. When the foam was extruded, the pres-
sure returned to atmospheric and the gas escaped from the
polymer, producing the foam. Compared with neat blends,
the blending of BF can reduce the surface free energy bar-
riers which was beneficial to nucleation, so BF can improve
the cell density and cell structure.
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Fig.6 The cell structure of dif-
ferent fiber contents in 90/10/X
(A), 70/30/X (B), and 50/50/X
(C) composites at 100 X mag-
nification where (a)—(e) were
BF contents of 0, 1, 3, 5 and

7 mass%, respectively, SEM
images of BF embedded in
E-PBAT (D) and PPC (E)

In the E-PBAT/PPC 50/50 component, as shown in C-(a),
since PPC and PBAT were continuous phases with each
other, the gases were more inclined to escape between the
phase interfaces of the two polymers, resulting in a long
strip-like cell structure. After addition fibers, the barrier to
cell formation decreased, nucleate more easily, the cell size
was significantly reduced and the cell structure became uni-
form. The interface ability of the fibers to the polymer matrix
had a significant effect on the foaming behavior, the inter-
face debonding between BF and PPC, which acted as a path

for gas escape during the foaming process that promoted
the growth and fixation of cells. As shown in C-(b) and (c),
the average cell area of 50/50/X foam composites was much
higher than those of the other two samples, which leaded to a
lower cell density, but it was greatly improved after the addi-
tion of 5 mass% BF. Although 7 mass% BF given the highest
density and minimum cell size, the excessive BF was uneven
distributed at the interface, resulted in merging of cells, so
5 mass% BF works best. Taken together, the results of the
above analyses demonstrate that BF significantly enhances

@ Springer



12464 H.Tian et al.
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Fig.8 Nucleation and foaming
mechanism of E-PBAT/PPC/
BF composites a E-PBAT/PPC/
BF 90/10/5, b E-PBAT/PPC/
BF 70/30/5, ¢ E-PBAT/PPC/BF
50/10/5
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the strength of the composites, including the modulus and
yield strain before yielding, thereby expanding the potential
applications of PBAT/PPC/BF foams.

Foaming mechanism

The difference in the rheological properties of the two poly-
mers and fibers would induce two types of cellular morphol-
ogy. Nucleation and foaming mechanism of E-PBAT/PPC/
BF composites is shown in Fig. 8. E-PBAT/PPC foaming
property was uniform, leading to the formation of good dis-
persion of cell in the matrix. When the BF added, BF was
evenly distributed in the cell wall without obvious aggrega-
tion, indicating good dispersion of BF in the matrix. The
nucleation sites were mainly located at the interface between
the two phases and around the fibers. Accordingly, the for-
mation of fiber networks and changed in phase structure had
a significant effect on the morphology of cells.

Conclusions

In summary, the E-PBAT/PPC/BF foam composites were
successfully prepared by extrusion. After addition fiber
in polymer, the tensile modulus and strength of material
increased significantly, with a maximum increase of 98.8%
in 90/10/X, reaching a maximum tensile modulus and
yield strength of 278.1 MPa and 14.1 MPa, respectively, in
50/50/7. The formation of the fiber network also had a sig-
nificant effect on DMA storage modulus, with the maximum
increase of 77%, 160% and 297%, respectively, at 60.0 °C.
Due to the heterogeneous nucleation effect of the fibers, the
cell density increased notably, which reaching the maximum
of 6.24 x 10° cells/cm? in 90/10/7. The addition of 5 mass%
BF also had a significant effect on cell structure of 50/50/X.
This article will offer theoretical guidance for the applica-
tion of biodegradable composite foam, making it a promis-
ing alternative for functions such as cushioning, filling, and
cost reduction.
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