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Abstract: Polyamide 6 (PA6) was modified with ethylene
maleic anhydride syndiotactic copolymer resin (ZeMac),
and triglycidyl isocyanurate (TGIC) asmodifiers to prepare a
grafting structure and a long-chain branching structure,
respectively. The effects of two modifiers on the rheological
behavior, crystallization properties, foaming performance,
and mechanical properties of PA6 were systematically
studied by rotating rheometry, differential scanning calorim-
etry and scanning electron microscopy. The results
showed that there were differences in crystallization prop-
erties between the two modification methods, but they
significantly improved the rheological, foaming perfor-
mance, and mechanical properties of PA6. In particular,
PA6 with long-chain branching structure through TGIC
modification showed better performance in various physi-
cochemical characterizations. The introduction of ZeMac
reduced the average diameter of bubbles in pure PA6 from
146.32 to 88.12 µm, and the density of bubbles increased
from 1.69 × 105 to 5.35 × 105 cells·cm−3. The introduction
of TGIC reduced the average diameter of bubbles in pure
PA6 from 146.32 to 64.36 µm, and the density of bubbles

increased to 1.31 × 106 cells·cm−3. Moreover, the mechan-
ical properties of both nonfoamed and foamed samples
were improved after modification.

Keywords: polyamide 6, grafting structure, long-chain
branching structure, rheological behavior, foaming performance

1 Introduction

Polymer foam as an excellent lightweight material is
widely used in the fields of household appliances, auto-
mobiles, building materials, and so on due to its charac-
teristics of low energy consumption, low cost, high energy
absorption, sound insulation, and heat insulation (1–5). In
general, the properties of polymer foams mainly depend
on the cell structure, such as cell size, cell size distribu-
tion, and cell density, which is mainly determined by
molecular structure of the polymer and rheological beha-
vior of the melt (6,7). Polyamide 6 (PA6), as an important
semicrystalline thermoplastic engineering plastic, hasmany
excellent properties, such as high stiffness, wear resistance,
self-lubricating, and chemical resistance. It has attracted
extensive attention in industrial application and academic
research (8,9). However, the linear molecular chain struc-
ture and low melt strength of PA6 seriously restricts its
application in thermoforming, blowing, and foaming where
elongational deformation is dominant. Therefore, the mod-
ification of PA6 becomes particularly important to expand
its application. In addition, PA6 is highly sensitive to crack
propagation and shows brittle fracture behavior in the pro-
cess of tension and impact, which limits its application in
many load-bearing fields.

Researchers have developed various methods to over-
come the problem of low foaming quality caused by low
melt strength, such as adding fiber (10), rubber (11), and
inorganic particles (12). However, the dispersed phase of the
above method has the characteristics of difficult uniform

Lushuai Cao, Tuanhui Jiang, Bujin Liu, Ming Li: College of Materials
and Metallurgy of Guizhou University, Guiyang, China; National
Engineering Research Center for Compounding and Modification of
Polymer Materials, Guiyang, China
Di Zhang: School of Chemistry and Chemical Engineering of Guizhou
University, Guiyang, China; National Engineering Research Center
for Compounding and Modification of Polymer Materials, Guiyang,
China



* Corresponding author: Wei Gong, The Institute of Materials and
Construction of Guizhou Normal University, Guiyang, China,
e-mail: gw20030501@163.com
* Corresponding author: Li He, College of Materials and Metallurgy
of Guizhou University, Guiyang, China; National Engineering
Research Center for Compounding and Modification of Polymer
Materials, Guiyang, China, e-mail: lihe@gzu.edu.cn

e-Polymers 2022; 22: 249–263

Open Access. © 2022 Lushuai Cao et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.

https://doi.org/10.1515/epoly-2022-0030
mailto:gw20030501@163.com
mailto:lihe@gzu.edu.cn


dispersion and easy agglomeration, which will cause stress
concentration and inevitably reduce the strength of the
material (13,14). Chemical modification is a promising
method because it can improve the melt strength of mate-
rials without introducing phase separation. In recent years,
researchers have improved the rheological behavior and
foaming performance of polymer materials through dif-
ferent chemical modification methods, such as crosslinking
(15,16), grafting (17–19), and long-chain branching (20–22).
Li et al. (23) prepared themodified polylactic acid with long-
chain branched (LCB) structure by introducing epoxy organic
peroxide, which significantly improved the melt strength
and crystallization properties of polylactic acid. Jiang et al.
(21) controllably prepared LCB polylactic acid by reacting a
linear thermoplastic polyester elastomer (TPEE) with trigly-
cidyl isocyanurate (TGIC) and 2,2′-bis(2-oxazoline) (2,2′-boz)
in different order thermoplastic polyester elastomer
(TPEE) to improve its rheological behavior and foaming
ability. Leng et al. (18) synthesized three series of vul-
canized branched polylactic acid. In addition, they
pointed out that the increase of grafting length and
grafting density will improve zero viscosity (η0) and
enhance complex module (g*), in which the enhance-
ment effect of grafting density on rheological behavior is
greater than that of grafting length. Xu et al. (24) studied
the effects of star and tree structure on the rheological
behavior and foaming window of PA6 with adr-4368
and maleic anhydride-grafted polypropylene as modi-
fiers. Compared with chain extended PA6, the LCB-PA6
showed much higher shear viscosity and longer character-
istic relaxation times. As noted, the chain length and
branching degree strongly affect the chain motion in the
polymer melt and determine the rheological behavior of
the polymer. Many researchers have adopted the method
of adding reactive chain extenders to form grafting structure
or long-chain branching structure to improve the material
properties. However, this is something that needs to be
further explored for the differences in material properties
and foaming performance between the two structures,
which are extremely important for selecting appropriate
modification methods in practical application. The long-
chain branching has a more complex structure compared
with grafting because long-chain branching structure not
only increases the degree of molecular chain branching but
also increases the length of main chain and branch chain.
The difference of molecular chain structure mentioned
above will have different effects in various physicochemical
characterizations of the polymer. In this study, PA6 was
modified with ZeMac and TGIC as modifiers to prepare a
grafting structure and a long-chain branching structure
respectively. The effects and differences of grafting and

long-chain branching structures were investigated on rheol-
ogical behavior, crystallization properties, foaming perfor-
mance, and mechanical properties.

2 Experiment

2.1 Materials

Polyamide 6 (PA6: m 2400, melt index of 26 g·10min−1

(235°C, 2.16 kg), density of 1.54 g·cm−3)was obtained from
Guangdong Xinhui Meida Co., Ltd. Chemical foaming
agent F-70 (gas production volume: 35 mL·g−1; the main
components were polyethylene and sodium bicarbonate)
was obtained from Eiwa Chemical Ind. Co., Ltd, Japan.
TGIC was provided by Huangshan Taida Chemical Company,
P. R. China. Ethylene maleic anhydride syndiotactic copol-
ymer resin (ZeMac) was provided by Shanghai Nasu Alloy
Technology Co., Ltd. Table 1 shows the chemical structures of
the two modifiers. All were used as received without any
further treatments.

2.2 Sample preparation

PA6 particles were dried in an oven at 105°C for 4 h, and
then PA6 was mixed with ZeMac and TGIC at a certain
mass fraction (Table 2) and extruded at a screw speed of
250 rpm using a twin-screw extruder to prepare modified
PA6 samples (CTE20, Kebeilong Keya (Nanjing)Machinery
Co., Ltd). The obtained modified PA6 granules were dried
in the oven at 105°C for 4 h. Then the mixture of modified
PA6 samples and foaming masterbatch in a mass ratio of
98:2 was added to the injection hopper to prepare foam
samples in an injection molding machine (EM120-V, Zhende
Plastic Machinery Co., Ltd). The temperature of each section

Table 1: Chemical structures of modifiers used in this work

Agents Chemical structures Characteristics

ZeMac-L68
O OO

n

Content of MAH: >78%
Molecular weight:
40,000 g·mol−1

TGIC

N N

N OO

O

O

OO

Purity: 98%
Molecular weight:
297.26 g·mol−1
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of the injection molding machine from hopper to the die
was set from 220°C to 240°C. The initial cavity thickness of
the nonfoamed sample was 4mm, and the mold was not
opened. The initial cavity thickness of the foamed sample
was 3.2 mm, and core-back distance was 0.8mm.

2.3 Testing and characterization

2.3.1 Attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy

FTIR spectroscopy (Nicolet-6700, Nicolet, USA) was used
to characterize the reaction between pure PA6 terminal
group and ZeMac-L68 and TGIC functional groups. A few
samples were directly taken and put in the ATR detection
window, the probe was aligned with the detection window,
and then pressed for detection.

2.3.2 Gel permeation chromatography (GPC)

GPC was tested with Agilent PL-GPC 50. First, hexafluor-
oisopropanol (HFIP) was used to prepare a sample with
a concentration of 1.0 mg·mL−1, heated to 40°C for disso-
lution, and then tested at 40°C with a flow rate of
1 mL·min−1. The chromatographic column was PL 1114-
6900 HFIP. The solution was filtered with 0.1 µm filter
paper, and then the filter paper was dried and weighed
to determine whether cross-linking occurred before the
experiment. It was found that there was no change in the
mass before and after, so it was determined that there
was no crosslinking.

2.3.3 Rheological behavior

A rotational rheometer (HAAKE MARS 60) with parallel
plate geometry was used to measure the dynamic shear
rheological behavior and uniaxial tensile rheological beha-
vior of the virgin andmodified PA6. Themold cavity volume

was adjusted by core-back to prepare the samples with a
thickness of 1.0mm, and then a small circle with a diameter
of 20mm and a thickness of 1.0mm was taken. Dynamic
strain sweep tests were conducted to identify the strain
limits of the linear viscoelastic region. The oscillation fre-
quency sweep tests were performed in a nitrogen atmo-
sphere at 225°C and with a pre-set strain of 1% in the linear
viscoelastic to determine the viscoelastic properties. Characteriz-
ing the storage modulus G′, the loss modulus G″, and the
complex viscosity η* as a function of angular frequency ω
(0.3–100 rad·s−1). The mold cavity volume was adjusted by
core-back to prepare a 1.0mm thick spline, and then a
small cuboid with a length of 25mm, a width of 10mm,
and a thickness of 1.0mm was taken for the uniaxial elon-
gational viscosity tests. The rheological behavior of uni-
axial elongation was tested using the SER tool in a
nitrogen atmosphere at 225°C. The strain rate in this
experiment is 0.05 s−1.

2.3.4 Crystallization properties

Differential scanning calorimeter (DSC, TA Q25, New
Castle, DE, USA) was used to test the melting and crystal-
lization parameters of samples under nitrogen atmo-
sphere. The sample was first heated rapidly from 30°C
to 240°C in a nitrogen atmosphere for 3 min to eliminate
the thermal history, then cooled at 20°C·min−1 to 30°C, and
finally heated at 20°C·min−1 to 240°C. The crystallization
and melting curves were obtained by the above process.

The calculation formula of crystallinity is shown in
Eq. 1:

=

×

×X H
H w

Δ
Δ

100%C
f

f
0 (1)

where XC is the degree of crystallinity, %; HΔ f is the
enthalpy of fusion of the sample, g·J−1; HΔ f

0 is the stan-
dard enthalpy of PA6 100% crystallization, 190 g·J−1; and
w is the PA6 matrix’s weight fraction.

The crystal morphology was observed by a polarizing
microscope (POM, Olympus BX51) equipped with a hot
stage. The pure PA6 and modified samples were first
melted at 240°C for 5 min, then cooled to 195°C at a rate
of 50°C·min−1, and maintained at this temperature for
isothermal crystallization, and photographs were taken
at different times.

2.3.5 Characterization of foaming performance

The sample was notched and put into liquid nitrogen
soaked for 3 h. It was immediately punched after taking

Table 2: Weight percentages of materials

Samples PA6 (wt%) ZeMac (wt%) TGIC (wt%)

Pure PA6 100 0 0
PA6-ZeMac 0.3 99.7 0.3 0
PA6-ZeMac 0.5 99.5 0.5 0
PA6-ZeMac 0.7 99.3 0.7 0
PA6-TGIC 0.3 99.7 0 0.3
PA6-TGIC 0.5 99.5 0 0.5
PA6-TGIC 0.7 99.3 0 0.7
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out and the surface was sprayed with gold. The cell mor-
phology of the microcellular foamed PA6 composites was
observed by a scanning electron microscope (SEM; EM
6200, Beijing China Science and Technology Instrument
Co., Ltd). Pictures of cell structure were taken at different
multiples. The diameter of the cells and the number of
cells were calculated by the Image Plus software. The
bubble density was calculated by Eqs. 2 and 3 as shown
below:
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where N0 is the cell density, cell·cm−3; Vf is the porosity; ρ0
and ρf are the apparent densities of samples before and
after foaming process, respectively; n is the number of
cells in the SEM image; and A is the micrograph area, cm2.

2.3.6 Mechanical property

The tensile properties were measured according to GB/T
1040.2-2006 by an electronic universal testing machine
(CMT 6104, Meister industrial systems (China) Co., Ltd),
with the tensile speed of 50 mm·min−1. The impact

performance was tested according to GB/T 1843 by a
pendulum impact testing machine (ZBC-4B, Shenzhen
Xinsansi Measurement Technology Co., Ltd). The notch
depth of the sample was 2 mm, and the impact energy
of the pendulum was 2.75 J. The values were averaged
out over five measurements.

3 Results and discussion

3.1 Reaction evolution

Scheme 1 shows the chain extension mechanism of ZeMac
and TGIC as modifiers to PA6. Two branched extenders of
different lengths (comb-like shape and tree-like shape) are
formed. For the reaction between ZeMac and PA6, PA6 has
only amino groups involved in the reaction. The active
hydrogen on the amino group at the end of PA6 attacks
the carbon oxygen bond on ZeMac maleic anhydride to
generate ring opening reaction, which make PA6 grafting
on the ZeMac molecular chain to from the grafting product
of ZeMac-PA6. The comb ZeMac-PA6 chain extension
structure is obtained when more PA6 is grafted on ZeMac
by chain extension. For the reaction between TGIC and PA6,
both amino and carboxyl groups of PA6 will participate in

Scheme 1: The reaction diagrams of the two modification methods and the possible product chain structure.
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the reaction. The active hydrogen on the amino or carboxyl
group at the end of PA6 attacks the carbon oxygen bond on
the epoxy group of TGIC to open the epoxy group, which
generates the chain extension product of TGIC-PA6 with
three arm comb shape. Then, the end group of the product
can continue to react with TGIC, and finally form a dendritic
TGIC-PA6 LCB structure.

In order to verify the rationality of the mechanism,
Figure 1 shows the FTIR of the following substances:
ZeMac, TGIC, pure PA6, PA6-ZeMac 0.5, and PA6-TGIC
0.5. Among, the peaks of 1,702 and 1,248 cm−1 on the
ZeMac are the characteristic stretching vibration peak
of conjugated carbonyl of maleic anhydride group and
the stretching vibration peak of ether bond respectively.
However, it is worth noting that the peaks for PA6-ZeMac
0.5 at 1,702 and 1,248 cm−1 disappear, which proves that
maleic anhydride on ZeMac has been opened and reacted
with the amino group on PA6. The peaks of 1,637 and
1,535 cm−1 on pure PA6 correspond to the amide group,
and 928 cm−1 corresponds to the bending vibration of
hydroxyl. It is reported that the epoxy group region of
TGIC is 910–950 cm−1 (24). Therefore, the peak at 926 cm−1

is the carbon–oxygen tensile vibration peak in the epoxy
group, but this peak is not observed in PA6-TGIC 0.5,
reflecting that the epoxy group of TGIC has been consumed.
The hydroxyl group peak of pure PA6 disappeared at
928 cm−1, which reflected that the carboxyl terminal group
of pure PA6 participated in the reaction. Figure 2 shows the
molecular weight distribution of pure PA6, PA6-ZeMac 0.5,
and PA6-TGIC 0.5. Table 3 shows the detailed data of mole-
cular weight and dispersion index MW/Mn. As shown in
Figure 2, the addition of ZeMac or TGIC modifier moves
the curve to the highmolecular weight region, whichmeans

that both modifiers react with PA6 and improve the mole-
cular weight of the material. In general, MW is greatly
affected by the high molecular weight in the polymer. As
shown in Table 3, PA6-TGIC 0.5 with LCB structure has
higher MW compared with PA6-ZeMac 0.5 with a grafting
structure, indicating that the LCB structure is conducive to
the formation of entangled macromolecules and higher
molecular weight. Mn is related to the end cardinality and
the number of entanglements on each chain, indicating that
the tree structure consumesmore end groups than the comb
structure, and there are more entanglements in the chain.
The more entangled molecular chains, the greater the inter-
molecular force, making the higher the melt viscosity and
melt strength (24).

3.2 Rheological behavior

Some studies have shown that increasing the viscoelasti-
city and melt strength of polymer is helpful to promote cell
nucleation and stabilize cell structure (25–28). Figure 3a–c
shows the storage modulus (G′), loss modulus (G″), and
loss tangent angle (tan δ) of PA6-ZeMac and PA6-TGIC,
respectively. The G′ and G″ of PA6 ZeMac and PA6-TGIC
gradually increase with the increase of modifier content in
the whole frequency scanning range as shown in Figure 3.
The G′ reflects the elasticity of the material, and the G″
reflects the viscosity of the material. Therefore, the melt
viscoelasticity of PA6 is improved with the addition of
two modifiers. Some molecular chain information can be
reflected through G′ curve. PA6-TGIC0.5 and PA6-TGIC0.7
have a relaxation process in the low-frequency region,

Figure 1: FTIR spectra of ZeMac, TGIC, pure PA6, PA6-ZeMac 0.5, and
PA6-TGIC 0.5.

Figure 2: Molecular weight distributions of the pure PA6, PA6-
ZeMac, and PA6-TGIC 0.5.
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which is related to the formation of more LCB structures
in the reaction process. In addition, compared with pure
PA6, the modified sample has a slower relaxation rate in
the terminal region, which indicates that it has more
branched structure and longer molecular chain (29). The
tan δ reflects the relative size of the viscosity and elasticity
of the material. The larger the tan δ, the greater the vis-
cosity of the material is, and the smaller the tan δ, the
greater the elasticity of the material is (30). It can be seen
from Figure 3c that the tan δ of PA6 gradually decreases
with the increase of modifier content, especially when the
TGIC content is high, indicating that the introduction of the

modifier improves the viscoelasticity of PA6. In addition,
it is found that TGIC has a more significant effect on the
viscoelasticity of PA6 by comparing the effects of the two
modifiers. The above difference is due to the different modi-
fication mechanisms of ZeMac and TGIC on PA6 (Scheme 1).
Themodificationmethod of ZeMac is grafting. Themolecular
chain of PA6 is grafted on the molecular chain of ZeMac to
increase the degree of molecular chain branching, and
finally form a comb structure. The modifier TGIC further
improved the length and topological structure of the
branched chain while improving the degree of branched
chain, forming a tree structure, increasing the entanglement

Table 3: Molecular properties of the pure PA6, PA6-ZeMac, and PA6-TGIC 0.5

Samples Mw (kg·mol−1) Mn (kg·mol−1) Mz (kg·mol−1) Mw/Mn

Pure PA6 23.8 13.4 39.2 1.78
PA6-ZeMac 0.5 44.4 22.5 86.5 1.97
PA6-TGIC 0.5 48.9 23.2 92.9 2.11

Figure 3: (a) The storage modulus G′, (b) the loss modulus G″, and (c) the loss tangent tan δ of pure PA6 and modified PA6 samples.
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ofmolecular chain,making it difficult to slip, which improves
the viscoelasticity more significantly.

Figure 4a shows the complex viscosity (|η*|) of pure
PA6 and its modified samples. All PA6 samples have
typical shear thinning behavior with increasing shear
rate. In addition, the complex viscosity increases with
the increase of modifier content. This is attributable to
the grafting and long-chain branching structure, which
greatly improve the molecular chain entanglement and
limit the movement of PA6 molecular chain. The dynamic
shear rheology reflects the structural changes of PA6 to a
certain extent, but the uniaxial tensile test is more sensi-
tive to the molecular chain structure of the polymer.
Figure 4b shows the variation curve of tensile viscosity
(η+E) of pure PA6 and its modified samples with time at a
strain rate of 0.05 s−1. Pure PA6 has no strain hardening
behavior. However, the addition of two modifiers makes

PA6 to undergo strain-induced hardening and, espe-
cially, the strain hardening of PA6-TGIC is more signifi-
cant. The origin of strain hardening is macromolecular
chain orientation and tension. The long-chain branching
structure will form more macromolecular chain entangle-
ments, resulting in greater stress in the process of strain
(31). Strain hardening in the foaming process is conducive
to increasing the viscosity with the development of strain,
maintaining the stable growth of cell, preventing gas
escape, and reducing the fracture and deformation of cell.

3.3 Crystallization properties

Figure 5 shows the cooling crystallization curve and
heating melting curve of PA6-modified materials with
different ZeMac and TGIC contents. Table 4 is the

Figure 4: (a) Complex viscosity |η*| and (b) tensile viscosity curves η+E of pure PA6 and modified PA6 samples.

Figure 5: DSC graphs of pure PA6 and modified PA6 samples: (a) cooling crystallization curves and (b) heating melting curve.
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statistical data of Figure 5. It can be seen from the chart
that the introduction of modifier ZeMac reduces the initial
crystallization temperature Tonset and crystallization peak
temperature Tpeak of PA6. However, the introduction of
modifier TGIC increases the Tonset and crystallization
peak temperature Tpeak of PA6. Combined with the POM
(Figure A1 in Appendix), the blue part in the figure is the
crystal part. The introduction of ZeMac delayed the time
of crystal emergence but has little effect on the number

and size of crystals, indicating that ZeMac only delayed
the formation of crystals do not affect the growth of crys-
tals. The introduction of TGIC not only shortens the grain
appearance time but also increases the number of PA6
grains and reduces the grain size, indicating that the
introduction of TGIC increases the nucleation site and
plays a role in grain refinement. The final crystallinity
of PA6-TGIC changes little under the dual influence.
The crystallization rates of the three samples from small

Table 4: Crystallization and melting data of pure PA6 and modified PA6

Samples Pure PA6 PA6-ZeMac0.3 PA6-ZeMac0.5 PA6-ZeMac0.7 PA6-TGIC0.3 PA6-TGIC0.5 PA6-TGIC0.7

Tonset (°C) 184.5 183.3 182.2 181.9 185.2 186.4 183.4
Tpeak (°C) 177.2 175.8 175.3 174.5 179.5 180.4 176.6
Tm (°C) 208.6 209.6 211.3 209.8 209.2 210.1 209.1
Xc (%) 36.1 35.9 35.2 36.0 35.6 35.5 35.7

Figure 6: SEM images of microcellular foams and histogram of statistical distribution of microcell sizes in PA6 microcellular foams with
different chain extender: pure PA6 (a,a1), PA6-ZeMac 0.3 (b,b1), PA6-ZeMac 0.5 (c,c1), PA6-ZeMac 0.7 (d,d1), PA6-TGIC 0.3 (e,e1), PA6-TGIC
0.5 (f,f1), PA6-TGIC 0.7 (g,g1).
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to large are respectively PA6-ZeMac 0.5, pure PA6, and
PA6-TGIC 0.5 under conditions of isothermal crystalliza-
tion. The difference of crystallization rates is caused by
two different modification methods. For ZeMac as modi-
fier, the crystallization rate is the slowest, which can be
attributed to steric hindrance effects. Although the graft
point as the crystallization nucleation point can promote
crystallization, the steric hindrance effect of ZeMac mole-
cular chain is large to cause PA6 molecular chain is diffi-
cult to fold, requiring a greater degree of undercooling
and a longer time to complete crystallization.

For TGIC as modifier, it has little effect on the folding
crystallization of PA6 molecular chain because of its low
molecular weight and low steric hindrance effect (32–34).
Therefore, the crystallization rate of PA6-TGIC is faster, Tonset
and Tpeak are increased. Tonset and Tpeak begin to decrease
when TGIC content is too high because the promotion of
nucleation sites cannot compensate for the inhibition of
reduced molecular chain activity. In addition, the melting
temperature Tm of the two modified materials increased
because of the increased resistance ofmolecular chainmove-
ment in both modification methods according to Figure 5b.

3.4 Foaming performance

Figure 6 is the cell structure diagram after the introduc-
tion of two modifiers and the corresponding cell diameter
distribution diagram. The cell size first decreases and
then increases with the increase of the modifier content.
The cell diameter distribution is in a normal distribution,

and with the introduction of the modifier, the cell size
distribution becomes more uniform. Figure 7 is a graph of
the average cell diameter and cell density of the two
modifiers with different contents. The introduction of
ZeMac reduced the average diameter of bubbles in pure
PA6 from 146.32 to 88.12 µm, and the density of bubbles
increased from 1.69 × 105 to 5.359 × 105 cells·cm−3. The
introduction of TGIC reduced the average diameter of
bubbles in pure PA6 from 146.32 to 64.36 µm, and the
density of bubbles increased to 1.319 × 106 cells·cm−3.
When the modifier is not added, many cells of pure
PA6 foamed material have been merging and deformed
(inside the red dotted line in Figure 6a). The merging and
deformation of pure PA6 cells disappeared after adding
the modifier. According to the analysis of cell mor-
phology (Figure A2), there are obvious cracks on the
cell surface of pure PA6. The cell surfaces of PA6-ZeMac
0.5 and PA6-TGIC 0.5 are relatively complete, and the
morphology is more regular than that of pure PA6. The
above phenomena are mainly analyzed from the fol-
lowing two aspects. First, the melt viscoelasticity and
melt strength of polyamide are improved by the two mod-
ification methods. The influence of the long-chain branching
structure on the rheological behavior of materials is more
significant than that of graft modification (Figures 4 and 5).
More bubble nuclei can be expanded to form bubbles with
the increase of viscoelasticity of melt and the deformation of
bubbles is reduced. The increase of melt strength can reduce
the excessive growth of bubbles and reduce the merging and
rupture of bubbles (31). However, according to the classical
nucleation theory, with the increase of melt viscosity, the
resistance of cell nucleation increases, which will inhibit

Figure 7: Average cell diameter (a) and cell density (b) of pure PA6 and modified PA6.
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cell nucleation (35). Therefore, when the content of modifier
is further increased, the cell density begins to decrease.
Second, the branch point can be used as a crystal nuclea-
tion point to form a large number of crystal nuclei, which

increases the degree of molecular entanglement, inhib-
iting the mobility of molecules. Thus, the addition of modi-
fiers plays a role in stabilizing cells and reduces cell rupture
and deformation (36–38).

Figure 8: Tensile mechanical properties: (a and d) stress–strain curves, (b and e) tensile strength, and (c and f) elongation at break.
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3.5 Mechanical properties

Figure 8 shows the change of the tensile properties of the
nonfoamed sample and foamed sample of PA6 under two
different modification methods. As shown in Figure 8, the
tensile strength and elongation at break of the foamed
sample are significantly reduced compared with non-
foamed sample due to the reduction of effective bearing
area of foamed sample and defects caused by cell (19).
With the addition of the modifier, the tensile strength and
elongation at break of the nonfoamed and foamed PA6
samples are improved. In particular, the tensile proper-
ties of foamed samples have changed from brittle fracture
without yield point to ductile fracture with yield point.
The fracture tensile strain of PA6 modified by ZeMac
increases from 10% to 78%, and the fracture tensile strain
of PA6 modified by TGIC increases to 79%. Figure A3
shows the tensile cross-section of pure PA6, PA6-ZeMac
0.5, and PA6-TGIC 0.5 foam samples. The tensile fracture
surface of pure PA6 foamed sample is smooth without
obvious plastic deformation. Although there are some
cracks on the cell surface, the overall cell morphology
is relatively complete, indicating the brittle fracture beha-
vior. The tensile fracture surface of PA6-ZeMac 0.5 and
PA6-TGIC 0.5 foamed samples is rough, the cell has ser-
ious tensile deformation, and the resin has obvious tensile
behavior in the tensile direction. This tensile can consume
a lot of energy in the fracture process, indicating the duc-
tile fracture behavior.

Figure 9 shows the impact strength changes of the
nonfoamed sample and the foamed sample of PA6 under
two different modification methods. The impact strength
of the foamed sample is significantly reduced compared

with the nonfoamed sample due to the reduction of the
effective bearing area of the foamed sample and the
defects caused by the cell. With the addition of modifier,
the impact strength of both nonfoamed and foamed sam-
ples of PA6 increased, and the impact strength of foamed
samples increases further. Compared with nonfoamed
samples, especially after long-chain branching modifica-
tion, the impact strength of foamed samples increases
from 4.1 to 7.8 kJ·m−2, an increase of 90.2%. This is
because the foamed sample not only improves the tough-
ness of the material itself, but also reduces the defects
caused by large cell. Figure A4 shows the impact section
of pure PA6, PA6-ZeMac 0.5, and PA6-TGIC 0.5 foam
samples.

The reasons for the improvement of mechanical prop-
erties after modification are analyzed. First, grafting and
long-chain branching structures increase the molecular
weight and entanglement between molecular chains of
PA6, which makes it difficult for the material to slip
and disentangle between molecular chains in the process
of tensile or impact, consumes more energy, and then
increases the toughness of the material itself. LCB struc-
tures have better mechanical properties because they form
more molecular chain entanglements than grafted struc-
tures. However, when themolecular chain is entangled too
much, its mechanical properties will decline. This is attri-
butable to the molecular chain has no time to move when
the material is stretched or impacted due to the increase
of the steric resistance of the molecular chain (27,39).
Second, the finer and more uniform cell structure reduces
the defects caused by the cell and brings higher strength to
the material (40,41). In addition, the mechanical proper-
ties are highly related to density besides the cell structure.

Figure 9: Impact strength of pure PA6 and modified PA6 foamed samples: (a) non-foamed and (b) foamed.
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Figure A5 shows the density of nonfoamed samples and
foamed samples. The density difference is small due to the
same core-back distance. Therefore, the effect of density
on the mechanical properties of materials can be ignored.

4 Conclusion

In this work, PA6 was modified with ZeMac and TGIC
as modifiers to prepare a grafting structure and a long-
chain branching structure respectively. Subsequently, the
effects of the two modification methods on the rheological
behavior, crystallization properties, foaming performance,
and mechanical properties of PA6 were discussed. The
results showed that the effect of the long-chain branching
structure on rheological behavior was more significant
than that of the grafting structure. For the crystalline prop-
erties, grafting structure inhibited the formation of crystals
and had little effect on the final size of crystals. Long-chain
branching structure promoted the formation of crystals
and reduced the final size of crystals. For foaming perfor-
mance, compared with grafting modification, long-chain
branching modification has finer and more uniform cell
morphology. For mechanical properties, the foamed sam-
ples modified by long-chain branching have higher tensile
and impact properties than those modified by grafting.
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Appendix

Figure A1: POM images of pure PA6, PA6-ZeMac 0.5, and PA6-TGIC 0.5 isothermally crystallized at 195°C.
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Figure A3: Tensile fracture surfaces of (a) pure PA6, (b) PA6-ZeMac 0.5, and (c) PA6-TGIC 0.5.

Figure A4: Impact fracture surfaces of (a) pure PA6, (b) PA6-ZeMac 0.5, and (c) PA6-TGIC 0.5.

Figure A5: Density of nonfoamed samples and foamed samples.

Figure A2: Cell microscopic morphology of (a) pure PA6, (b) PA6-ZeMac 0.5, and (c) PA6-TGIC 0.5.
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