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Abstract

Polyglycolic acid (PGA), a linear aliphatic polyester with excellent biodegradability and biocompatibility, is widely used
as a medical material. However, the inherent brittleness of this material may limit its use in many other industrial appli-
cations. This study explored the toughening effect of physically blending PGA with polyethylene oxide (PEO). Standard
tensile samples of different PGA/PEO blends were prepared by a torque rheometer and a microinjection molding machine.
The thermodynamic properties, mechanical properties, and microstructure of the PGA/PEO samples were investigated by
differential scanning calorimetry (DSC), a universal tensile testing machine, a cantilever impact tester, and field emission
scanning electron microscopy (FE-SEM). The experiment ultimately found that the addition of 15 wt% PEO greatly improved
the toughness of the blended PGA/PEO. A yielding process could be observed in the tensile tests, and the elongation-at-
break increased from 3.67% for pure PGA to 54.14% for PGA/PEO 85:15, which shows an increase of 1475.2%. It can be
concluded that the addition of PEO is a good way to increase the PGA toughness. The mechanism of PGA toughening by
PEO was further analyzed, and the increase in toughness could be attributed to the existence of a continuous PEO phase that

facilitated the formation and evolution of cavities between the partially compatible PGA and PEO phases.
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Introduction

As a kind of new typical aliphatic polyester, polyglycolic
acid (PGA) can be fabricated by the polycondensation of
glycolic acid (GA), the ring-opening polymerization of gly-
colide, and the solid-state polycondensation of halogenoac-
etate [1, 2]. Unlike conventional fossil fuel-based plastics
and rubbers, which are often stable and nondegradable [3],
PGA can gradually degrade and eventually become water
and carbon dioxide after being used for a certain period. The
degradation products are harmless to the human body, ani-
mals, plants, and the natural environment. Therefore, PGA
is currently well-known as a new type of fully biodegrad-
able and excellent biocompatible coal-based polymer and
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has been widely used in the biomedical field [4-6], including
as medical sutures, controlled drug release carriers, fracture
fixation structural elements, tissue engineering stents, and
suture reinforcement components [7].

However, due to its inherent brittleness and high crystal-
linity, the use of PGA may still be limited in many other
industrial applications. The most direct and effective method
to extend its application range is to increase the PGA tough-
ness. Compared with thousands of studies on the modifi-
cation of other fossil fuel-based polymers [8], increases in
PGA toughness have rarely been reported in the open lit-
erature. This is possibly partially due to the high raw mate-
rial cost of the GA monomer, which reduces the optimiza-
tion opportunities for further PGA application. However,
an improvement in performance can undoubtedly promote
wider applications, which in turn reduces costs. Determining
a method for toughening PGA is hence worthy of investiga-
tion because of the academic research value and the applica-
tion prospects.

A method for toughening PGA can be easily inspired by
that of another aliphatic polyester, polylactic acid (PLA),
because of their similar molecular structures, as shown in
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Fig. 1. Figure 1 shows that the macromolecular composi-
tions of PGA and PLA are almost the same, except that PLA
has one more methyl group than PGA. The rigid macromo-
lecular chains cause PLA to be brittle and stiff. Therefore,
increasing the PLA toughness was necessary for its applica-
tion [9].

Compared to PGA, PLA modification has been more
widely researched and analyzed in depth. There are many
investigations into PLA toughening [10-26], which can be
roughly classified into two categories: physical methods and
chemical methods. Certain additives, functional groups or
other polymers can be incorporated into the PLA matrices
by means of compounding, plasticizing or blending, which
was reported to improve the PLA toughness to a certain
extent [11-24]. The physical method is known to be highly
efficient and easy to implement. However, it is possible that
the uniformity of the dispersion and/or mixing can influence
the modification efficiency and the performance of the final
products. The outcome depends on the detailed blending
procedures and technological conditions. In contrast, chemi-
cal modification can directly change the molecular compo-
sition and/or the molecular chain structure using copoly-
merization and/or cross-linking [25, 26]. This method can
offer a more stable performance than the physical methods.
However, the technological process of chemical modification
is often extremely complex, and the synthesis efficiency may
not be high. Furthermore, combining ring-opening polym-
erization and physical blending was reported to be a revo-
lutionary method to improve the mechanical properties of
PLA matrices [27, 28]. However, the combination method
is more complex than the single methods alone.

Considering these concerns, the physical blending method
was attempted to toughen PGA in this study. Polyethylene
oxide (PEO) is a biodegradable polymer and has been widely
used in biomedical fields because of its good biocompat-
ibility and extremely low toxicity. PEO was reported to be a
suitable candidate for PLA flexibilizers [14]. Blending PGA
with PEO was believed to be a possible solution for improv-
ing the PGA toughness. In this study, different PEO contents
were melt blended with a PGA matrix, and the thermal prop-
erties, mechanical performance, and morphological structure
between the phases of the PGA/PEO blends were carefully
investigated. The toughening mechanism of PGA by blend-
ing with PEO is further discussed.

Fig. 1 Comparison of the mac-
romolecular structural formulas
of PGA and PLA
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Experimental
Materials

PGA and PEO were obtained from Jin Ju Alloy Co., Ltd.
(Zhenjiang, Jiangsu, China) and Sumitomo Co., Ltd.
(Japan), respectively. Their melt flow volumes were 12.3
cm?/10 min (ISO 1133) and 8.9 cm?/10 min (ISO 1133),
respectively. The relative molecular mass of PEO is approxi-
mately 1 x 10°.

Sample Preparation

A torque rtheometer (RM-400B, Hapro) was used to fabricate
PGA/PEO blends. PGA and PEO were added to the chamber
in a fixed volume with PEO contents of 0.0 wt%, 5.0 wt%,
10.0 wt%, 15.0 wt%, and 20.0 wt%. The rotational speed and
the processing temperature were determined to be 60 rpm
and 220 °C, respectively. The rotation lasted for 10 min, and
then the mixtures were removed from the rheometer. The
plots of torque vs. time were obtained, and the results are
shown in Fig. 2. The cooled mixtures were cut into pellets
and then injected into standard tensile and impact bars using
a microinjection molding machine (Baby Plastics Machin-
ery Co. Ltd, Italy). It is well known that injection molding
includes many processing parameters that may influence the
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microstructure of the sample, leading to varible mechanical
properties. After many screening experiments, the optimal
melt temperature, injection pressure, injection time, pack-
ing pressure, packing time, and cooling time were set to 240
°C, 50 MPa, 1 s, 40 MPa, 5 s, and 20 s, respectively. All the
molded samples were placed at room temperature for 24
hours before the next test and characterization.

Test and Characterization

Fourier transform infrared spectroscopy (FT-IR, FTS2000,
Digilab Co. Ltd.) spectra were recorded from 400 to 4000
cm™! with a resolution of 4 cm™! to obtain 64 scans of the
PGA/PEO blends.

The thermal behaviors of the PGA/PEO blends were stud-
ied by differential scanning calorimetry (DSC, PE, 8000).
The specimens with a weight of 4.9 ~5.1 mg were sealed
in 40 ml aluminum crucibles. Under nitrogen protection,
all specimens were cooled to 20 °C, and then heated to 250
°C. After holding at 250 °C for 2 min to eliminate the heat
history, the samples were then cooled to 20 °C. The samples
were heated to 250 °C once again. All the heating and cool-
ing rates were 10 °C/min for comparison. The cooling and
secondary heating curves were recorded.

Tensile testing was performed using a universal testing
machine (SANS CMT 4024) equipped with a 10 kN elec-
tronic load cell and mechanical grips. The tests were con-
ducted at a crosshead speed of 10 mm/min. All tests were
carried out according to the ISO 527 standard and 5 samples
were tested for each group to obtain an average value.

The impact test was carried out on an impact tester (UJ-
40 cantilever beam) according to the ASTM-D256 standard.
Each group of notch samples was tested five times in paral-
lel. The notch was wedge-shaped and the depth was 2 mm.

The morphological structures were examined using field
emission scanning electron microscopy (FE-SEM, ZEISS
Merlin Compact). It must be noted that the electrons of a
common SEM instrument may burn the PGA particles.
All specimens were sputter coated with platinum prior to
observation. The SEM tests analyzed three parts: the frac-
ture surfaces of the quenched-molded samples, the tensile-
tested PGA/PEO 85:15 blend, and the impact-tested PGA/
PEO blends. The samples fractured quickly after freezing
in liquid nitrogen for 30 min in the quenching procedure.

Results and Discussion
Torque Variation
Figure 2 shows the plot of torque vs. time for the PGA/PEO

blends. Figure 2 shows that the equilibrium torque of PGA/
PEO decreases with increasing PEO content, indicating that

PEO has a plasticizing effect on PGA. The existence of PEO
decreases the melt viscosity of PGA/PEO, which may be
attributed to the increased space caused by the incorporation
of PEO, resulting in a more flexible molecular chain [29].
The decrease in the equilibrium torque also suggests that
there is no cross-linking between PEO and PGA during the
torque test. Hence, the blending operation can be viewed
as a physical processing. This result also suggests that the
PGA and PEO phases are not fully compatible, which is an
accordance with a recent study of the relationship between
compatibility and balance torque [30, 31], since the variation
in the balance torque of PGA/PEO blends does not linearly
vary with the PEO content.

FTIR

FTIR is well known as a good way to examine the compo-
sition of PGA/PEO blends. Figure 3 shows a comparison
between the characteristic absorption peaks of pure PGA
and the PGA/PEO 85/15 blend. For the PGA/PEO 85/15
blend, the absorption peak at 2888 cm™! shown in Fig. 3a
corresponds to a typical -CH,— bond, and this peak is caused
by the stretching vibration of the —-CH,— group of PEO.
Furthermore, the stretching vibration of the —CH- group
of PEO is superimposed with the stretching vibration of the
—CH,— group, leading to multiple peaks from 1197 to 1505
cm~! (Fig. 3b). The absorption peaks appearing at 1466
em~ !, 1361 em™ !, and 1342 cm™! completely coincide with
the multiple peak characteristics in the FTIR diagram of the
standard PEO [32]. The peak positions of the PGA/PEO
85:15 blend are almost the same as those of pure PGA, indi-
cating that the blending of PEO and PGA using the torque
rheometer is a typical physical entanglement process.

Therefore, it can be concluded that no chemical reaction
occurs between the PGA and PEO phases according to the
above results of torque testing and FTIR. However, the exist-
ence of PEO may influence the thermal behavior of PGA,
which is discussed in the following sections.

Thermal Analysis

Figure 5 shows the DSC secondary heating curves of the
PGA/PEO blends. The melting temperature (7,,,) can first be
obtained by the values of the absorption peak on the right in
Fig. 4. Pure PGA has a T,,, of 215.2 °C. With increasing PEO
content, the melting peak of the PGA/PEO blends gradually
shifts slightly to the left. Typically, when the content of PEO
increases to 20 wt%, the T, of PGA/PEO blends decreases
to 212.0 °C. It is expected that a decrease in T}, occurs with
the addition of PEO, which can be attributed to the dilu-
tion effect [33]. That is, this result is similar to the effect of
adding a small amount of low-molecular-weight plasticizer
to a polymer. Furthermore, absorption peaks appear on the
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Fig.4 DSC secondary heating curves of the PGA/PEO blends

left in the heating curves of Fig. 4. For pure PGA, the glass
transition temperature (Tg) can be determined to be 45.2
°C by the intersection of the tangent of the leading edge of
the curve and the baseline, which is shown in the upper left
magnified image in Fig. 4. For the PGA/PEO blends, distinct
absorption peaks can be observed at approximately 60 °C.
It is almost impossible that these absorption peaks come
from the Tg of PGA, since PEO cannot improve the Tg of
PGA/PEOQ blends according to fundamental thermodynamic
theories. In addition, the peak intensity should not vary with
increasing PEO content. To further investigate the attributes
of these absorption peaks, a pure PEO heating curve is sup-
plemented and is used as a comparison. Pure PEO has a T,
of 63 °C, which is near the values of the peaks of PGA/PEO
blends in Fig. 4. Hence, the absorption peak that appears on
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Table 1 Thermal performance parameters obtained by DSC curve
analysis

Sample T(C) T,(C) T,(C) AH,(lg) X(%)
PGA pure 452 2152 1334 85.3 44.6
PGA/PEO(95/5) - 2143 1479 52.7 27.6
PGA/PEO(90/10) - 2132 1490 44.6 233
PGA/PEO(85/15) - 2124 1502 28.1 14.7
PGA/PEO(80/20) - 2120 1535 58.9 30.8
PEO pure - 63.0 435 1842 89.1

the left for the PGA/PEO blends should be the T, of PEO.
Since the PEO in the PGA/PEO blends has undergone mix-
ing at a high temperature and the pure PEO has undergone
exactly the opposite, a small amount of thermal degrada-
tion results in a decrease in the T, of the PEO in the PGA/
PEO blends. The appearance of two melting peaks for the
PGA/PEO blends suggests that the compatibility between
the PGA and PEO phases is not very good. This result also
indicates that PGA and PEO are generally physically entan-
gled during the mixing process.

In addition to the appearance of a double melting peak,
the existence of PEO also affects the intensity of the melt-
ing peaks of PGA/PEO blends. The peak intensity is known
to be the melting enthalpy (AH). That is, the AH of
the two components of the PGA/PEO blends varies with
increasing PEO content. The AH,, is quantitatively calcu-
lated according to the DSC test, and the results are listed in
Table 1. Table 1 shows that the AH,, of the PGA/PEO blends
decreases significantly from 85.3 J/g for the PGA/PEO 95:5
blend to 28.1 J/g for the PGA/PEO 85:15 blend with increas-
ing PEO content, indicating that the compatibility of PGA
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and PEO improves with increasing PEO content. How-
ever, AH,_, shows an increasing trend when the PEO con-
tent increases to 20 wt%. This unexpected increase in AH
shown for the PGA/PEO 80:20 blend can be attributed to the
phase separation caused by the excessive PEO addition. It is
therefore suggested that the incompatibility between PGA
and PEO phases increases at this ratio.The partial compat-
ibility between the PGA and PEO phases at different ratios
can be further analyzed by the crystallization behavior, since
the secondary heating actually originates from the cooling
process. Figure 5 shows the DSC cooling curve of the PGA/
PEO blends. From the PGA pure curve shown in Fig. 5, the
melting crystallization temperature (7,,.) of pure PGA is
133.4 °C. After the addition of 5 wt% PEO, the T, of the
PGA/PEO blend increases significantly to 147.9 °C. With
increasing PEO content, the T, increases continuously and
is 153.5 °C for the PGA/PEO 80:20 blend. The increase
in T, indicates that the ability of the PGA molecular seg-
ment to move is possibly enhanced due to the existence of
PEO, which facilitates PGA crystallization. Compared to
the crystallization behavior of PGA, that of PEO seems to
be more complex. For comparison, the results of pure PEO
are also supplied. As shown in Fig. 5, the T}, . of pure PEO
is approximately 43 °C. However, almost no crystallization
peaks appear for the PGA/PEO blends with PEO contents
of 5 wt%~15 wt%. For the PGA/PEO 80/20 blend, a small
crystallization peak can be observed in the same position of
43 °C. On the one hand, these results indicate that the exist-
ence of PGA and PEO phases influences their crystallization
processes. Good compatibility between the PGA and PEO
phases means that the two phases may be entangled with
each other, which destroys the regularity of the PEO phases;
hence, the crystallization peaks of PEO cannot be observed.
It is therefore suggested that the compatibility of the two
phases is not poor, especially for PGA/PEO blends with PEO
contents of 5 wt%~15 wt%. On the other hand, the results
also indicate that the two phases of PGA and PEO crystal-
lize separately during the cooling process. In particular, the
phase separation between PGA and PEO occurs with the
addition of 20 wt% PEO to the PGA matrix, suggesting that
the compatibility between the two phases decreases. There-
fore, the PGA and PEO phases may be partial compatible,
which is consistent with the results from the second heating
process. In addition, the crystallinity (X,) can be calculated
by the following expression [26]:

X, =AH/AH; x 100% (1)

where AH|; is the enthalpy of the fully crystallinity PGA
sample. Table 1 shows the X of the PGA obtained from the
cooling process, which shows a trend similar to that of the
melt enthalpy in the second heating process. X decreases
from 44.6% for pure PGA to 14.7% for PGA/PEO 85:15. The
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Fig.5 DSC cooling curves of the PGA/PEO blends

decreasing trend does not continue with a further increase
in PEO content. Instead, X, increases to 30.8% when the
PEO content is 20 wt%. The influence of the PEO content
on the X, of the PGA/PEO blend can be attributed to the
difference in the partial compatibility between the PGA and
PEO phases caused by the PEO content. Good compatibility
between the PGA and PEO phases destroys the regularity
of PGA phases, and hence, the X, of PGA decreases and
vice versa.

In addition, it is well known that X_ influences and even
determines the mechanical properties of a semicrystalline
polymer [34-36]. Generally, a decrease in X, may lead to
reduced strengths and moduli and improved toughness
and flexibility. It is therefore necessary to investigate the
mechanical properties of PGA/PEO blends, which are dis-
cussed as follows.

Mechanical Properties

Figure 6 shows the representative stress-strain plots of the
PGA/PEOQ blends, and Fig. 7 shows the results for tensile
strength and elongation-at-break. As shown in Fig. 6, the
incorporation of PEO results in significant variation in the
toughness of the PGA/PEO blends. The elongation-at-break
of pure PGA is only 3.67%, indicating that PGA has obvious
brittle fracture characteristics. With the addition of PEO,
the PGA/PEO blends (Fig. 6b, c, d, and e) show obvious
yielding processes in the tensile tests, indicating that the
brittle fracture has gradually changed to ductile fracture. The
toughness also significantly increases, as evidenced by the
elongation-at-break of 13.66% and 39.96% for the PGA/PEO
95:5 and PGA/PEO 90:10 blends, respectively. Moreover,
the elongation-at-break can further increase to 54.14% for
the PGA/PEO 85:15 blend, which is 1475.2% higher than
that of pure PGA. Unfortunately, the tensile strength of the
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Fig.7 Results of tensile strength and elongation-at-break for the
PGA/PEO blends

PEO/PGA blends decreases significantly from 83.32 MPa
for pure PGA to 37.85 MPa for the PGA/PEO 85:15 blend,
indicating that the rigidity of PGA decreases as the tough-
ness increases. The reported tensile strengths are nominal
values, i.e., the maximum load divided by the original cross-
sectional area of the tested samples. It is expected that the
strengthening or toughening technologies possibly account
for these results, similar to the results of many other modi-
fications of mechanical properties [37—43]. It can also be
observed from Figs. 6 and 7 that the addition of 20 wt% PEO
results in a slight increase in tensile strength and a decrease
in elongation-at-break. This trend is in good agreement with
the variation of X_ obtained from the abovementioned DSC
analysis. This result is possibly due to a weakening of the
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mechanical properties caused by the excessive PEO addi-
tion in the partially compatible PGA matrix. This idea can
be further verified by the SEM results presented in the next
section.

To further investigate the effect of PEO on the toughness
of PGA/PEO blends, the notched impact strength of the dif-
ferent PGA/PEO blends is also determined. Figure 8 shows
the results of the impact strength of the PGA/PEO blends,
revealing that the impact strength of the PGA/PEO blends is
significantly higher than that of pure PGA. This parameter
increases from 26.15 kJ/m? of pure PGA to 36.87 kJ/m? for
the PGA/PEO 85:15 blend, which coincides with the fact
that the tensile strength decreases while the impact strength
increases in the toughening system.

Morphological Structure

To further study the toughening effect and toughening mech-
anism of the PGA/PEO blends, the morphological structure
of the PGA/PEO blends was explored using SEM charac-
terization. Figure 9 shows the SEM images of the quenched
section of PGA/PEO blends. It can be observed from the
quenched section of the pure PGA shown in Fig. 9a that
the surface of pure PGA is smooth, indicating that it is brit-
tle and rigid. However, when 5 wt% PEO is added to the
PGA matrix (Fig. 9b), the fracture surfaces of the PGA/
PEO blends are slightly wrinkled. This means that the PGA/
PEO 95:5 blend cannot yet be fractured smoothly even in
the low-temperature environment of liquid nitrogen quench-
ing, indicating that the addition of a small amount of PEO
has already produced a toughening effect on the PGA/PEO
blend. With increasing PEO content (Fig. 9c and d), the
quenched PGA/PEO blends become increasingly rough, and
the wrinkling phenomenon is more easily observed. Hence,
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Fig. 8 Results of impact strength for the PGA/PEO blends
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Fig.9 SEM images of the quenched section for the PGA/PEO blends: a pure PGA, b 5 wt% PEO, ¢ 10 wt% PEO, d 15 wt% PEO and e 20 wt%

PEO

the toughness effects are more remarkable as the PEO con-
tent increases. This result is in good agreement with the
test results of the mechanical properties presented in Fig. 6
and Fig. 7. Furthermore, the PEO phases can be distributed

uniformly into the PGA matrix (Fig. 9b ~d), indicating that
the compatibility between the PEO and PGA phases at this
composition is relatively good. However, when 20 wt%
PEO is added to the PGA matrix (Fig. 9e), the wrinkling
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phenomenon described before is significantly weakened, and
the surface begins to become smooth. In particular, many
fine voids can be found in Fig. 9e, indicating that the com-
patibility between the two phases decreases at this compo-
sition of PEO and PGA, resulting in the aggregated PEO
particles being peeled off from the PGA matrix by external
force under quenching. The results of the morphological
observations by SEM characterization are also therefore con-
sistent with the previous analysis of compatibility between
the two phases.

Classical percolation theory can explain how the disper-
sion of PEO in the PGA matrix improves the toughness of
PGA/PEO [44, 45], as shown in Fig. 10, which has also
often been used to analyze the toughening mechanism of
many polymer composites [46-50]. When 5 wt% PEO is
added to PGA (Fig. 10a), the PEO randomly disperses in
the matrix. However, the relatively small amounts of the
PEO phase cannot correlate with each other, and the PGA/
PEO blend still shows brittle fracture in the tensile test. As
the PEO content increases to 10 wt% (Fig. 10b), an associa-
tion occurs between the PEO phases, and the percolation
threshold is almost reached. A percolation channel appears
in the PGA matrix, and the PGA/PEO blend can transform
from brittle to ductile fracture. When the PEO content is
further increased to 15 wt% (Fig. 10c), the PEO and PGA
gradually form a cocontinuous sea-island structure, and the
toughness of PGA is greatly improved. However, the PEO
content continues to increase, leading to obvious phase sepa-
ration caused by the partial compatibility between the PGA
and PEO phases. As a result, the toughness of the PEO/PGA
80:20 blend decreases, as shown in Figs. 6 and 7.

The above results can also be further confirmed by the
morphological characterization of the tested impact fracture
surfaces of PGA/PEO blends, which are shown in Fig. 11.
Figure 11a shows that the surface of pure PGA is almost
completely smooth and exhibits typical characteristics of
brittle fracture, although it is slightly tougher than the frac-
ture surface frozen by liquid nitrogen (Fig. 9a). Therefore,

PGA matrix
‘ =

it is expected that the notched impact strength of pure PGA
is generally low, as evidenced by the results shown in Fig. 8.
Compared with those of pure PGA, the SEM results of the
PGA/PEO blends (Fig. 11b~e) show obviously rough sur-
faces. This can be attributed to the fracture toughness during
the impact test. Furthermore, the brittle ductile transition
and the increase in the impact strength are gradual. When
5 wt% PEO is added into the PGA matrix (Fig. 11b), the
surface of the section is somewhat rougher than that of pure
PGA, and slightly more cavities can be observed. When the
PEO content increases to 10 wt% and 15 wt% (Fig. 11c, d),
the section of the PGA/PEO blends is largely covered with
dense cavities, and the PEO is dispersed in the PGA to form
a good cocontinuous structure. The PEO particles dispersed
in the PGA matrix can act as stress-release agents, which
can induce many cavities [51, 52], thereby absorbing a large
amount of impact energy. Additionally, due to the mutual
interference of the stress fields between the cavities, most
of the cavities are terminated by other cavities, which limits
the fracture of cavities between adjacent two particles. The
termination of cavities greatly improves the toughness of
the material. It must be noted that there must be a certain
degree of compatibility between the two phases in the blend.
Two fully compatible phases can act as one phase, meaning
cavities cannot form. However, an extreme incompatibility
means that the interface force of the two phases worsens,
leading to macroscopic phase separation, as shown in the
deformation of the PGA/PEO 80:20 blend. When the PEO
content is further increased to 20 wt% (Fig. 11e), interfacial
peeling occurs, resulting in the early formation of cracks,
which also suggests that the excessive addition of PEO
causes separation of the two phases. Therefore, the impact
strength of the PGA/PEO blends of 20 wt% PEO instead
shows a downward trend. These features are similar to those
of the quenched sections of the PGA/PEO blends shown in
Fig. 9b ~e, indicating that the existence of PEO helps the
PGA/PEOQ blends to improve the plastic deformation ability
because of the formation of cavities. The plastic deformation

P R 1 g

PEO dlspersed phase

percolation channel

Fig. 10 Model interpretation of the formation of the continuous PEO phase based on percolation theory
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Fig. 11 SEM images of the impact fracture surfaces of the PGA/PEO blends: a pure PGA, b 5 wt% PEO, ¢ 10 wt% PEO, d 15 wt% PEO and e

20 wt% PEO

ability can effectively disperse the impact energy and hence
gradually improve the impact strength of the PGA/PEO
blends with increasing PEO content. Because PGA and PEO
are not fully compatible, PEO leads to phase separation and
induces the generation of cracks. The effects of cracks and

cavities are opposite. Cracks cannot absorb more energy but
greatly reduce the toughness of materials.

To further verify the toughening mechanism of PGA
toughened by PEO, the tensile-test sample of the PGA/PEO
85:15 blend was selected for morphological observation.
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Figure 12 shows the three representative characteristic
quenched regions, the unstretched (Fig. 12a), transition
(Fig. 12b), and necking (Fig. 12c) regions. Figure 12 shows
the effect of PEO on the deformation of PGA/PEO during
the tensile test. In the unstretched region, there are some
scattered voids caused by the PEO phases in the quench-
ing process, which are difficult to observe from the SEM
image in Fig. 12a. However, the voids in the transition
region become more obvious and larger than those in the
unstretched region, as shown in Fig. 12b, indicating the
fibrillization of the PEO phases in the tensile test. This
can be explained as follows. As a toughening phase, PEO
is known to have a higher Poisson’s ratio than pure PGA.
When PGA/PEQ is subjected to an external tensile force, the
percolation channel made up of PEO particles acts as con-
tinuous stress-released PEO phases, leading to deformation
and three-dimensional stress at the edge of the PEO phase.
Since the PEO and PGA phases are partially compatible,
when the material is stretched, cavities are formed between
the PEO and PGA partially compatible interfaces, similar
to the impact process mentioned before. The many cavities
formed in the tensile process can release the tensile stress
and cause variation in the three-dimensional stress field in
the surrounding PGA matrix. As a result, the PGA matrix is
more prone to yielding, absorbing more energy, and exhibit-
ing ductile fracture. As the force further increases, the PEO
phase can be stretched to the shape of an ellipsoid and even
other irregular shapes. Since the sample is obtained per-
pendicular to the direction of stretching (Fig. 12b) and the
ellipsoidal-type voids are cut off in the middle, deformed
voids can be observed. Therefore, the partially compatible

feature of the PGA/PEO phases facilitates an increase in
toughness of the PGA/PEO blends. Moreover, the continu-
ous PEO phases can be further drawn into filament shapes
under necking, and many irregular voids can be observed
from Fig. 12c. The filament-shaped PEO phases can be
drawn continuously until cracking and fracture of the PEO
phases occur. In conclusion, there are two important factors
in increasing the toughness of PGA/PEO blends, the forma-
tion of continuous PEO phases and the proper compatibility
between the PGA and PEO phases, and both are facilitated
by the formation and evolution of cavities between the two
phases.

The increase in the toughness of PGA/PEO blends can
be attributed to the formation and evolution of continuous
PEO phases in the PGA/PEO blends with proper compatibil-
ity, which can be attributed to the existence of a continuous
PEO phase facilitating the formation and evolution of cavi-
ties between the partially compatible PGA and PEO phases.

Conclusions

In this study, PGA/PEO blends were prepared by adding
different contents of PEO to PGA matrices. The experi-
mental results show that as the PEO content increases, the
equilibrium torque of the PGA/PEO blends shows a down-
ward trend, which is due to the lubricating effect of PEO.
The torque of the PGA/PEO blends does not show a slope
or an upward trend, indicating that no cross-linking occurs
between PEO and PGA. FTIR analysis also indirectly indi-
cates that PEO has a toughening effect on PGA by means of

Fig. 12 SEM images of tensile tested sample of PGA/PEO 85/15 blend: a unstretched region, b transition region, and ¢ necking region
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physical entanglement. DSC analysis shows that the addition
of PEO produces a dilution effect, and the thermal behaviors
between the PGA and PEO phases are mutually influential,
indicating that the two phases are partially compatible and
that excessive addition of PEO can cause macroscale phase
separation. This conclusion is further proven by the follow-
ing tensile tests, impact tests, and SEM characterization.
The tensile and impact tests show that the PGA/PEO blends
with 15 wt% PEO obtain the best toughness, as evidenced
by the elongation-at-break increase of 1475.2% compared
with that of pure PGA, with a value from 3.67% for pure
PGA to 54.14% for the PGA/PEO 85:15 blend. The impact
strength of the PGA/POE blend is also significantly higher
than that of pure PGA, increasing from 26.15 kJ/m? to 36.87
kJ/m?. It can therefore be concluded that the addition of
PEO is a good way to increase the PGA toughness. It can
be further concluded that the evolution of the cocontinu-
ous structure in the partially compatible blends is the main
reason for increasing the toughness of PGA/PEO blends,
since this evolution facilitates the formation of cavities dur-
ing deformation.
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