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ABSTRACT: The chemical blowing agent plays a crucial role in enhancing the
performance of the polyethylene (PE) foaming resin during the rotational foaming
process. Previously, the conventional blowing agent of the PE resin commonly
used pure azodicarbonamide (AZ). It had the unavoidable drawbacks of releasing
NH3 and exhibiting strong reactions during the rotational foaming process.
Meantime, pure AZ had a relatively high decomposition temperature, resulting in a
sharp foaming process. To address the above issues, this work developed a
uniquely designed blowing agent system. In this study, a novel blowing agent for
the PE resin was successfully synthesized by a one-pot method. This blowing agent
consisted of an activator and AZ, which exhibited a lower decomposition
temperature and a milder decomposition rate than AZ. The activator was
constituted of small-sized ammonium dihydrogen phosphate on the AZ surface, which could be decomposed properly and deliver
phosphoric acid and H2O during the foaming process. Then, AZ reacted with H2O under phosphoric acid catalysis. Also, this
reaction generated CO2 emission while reducing the emission of NH3 through recombination with phosphoric acid. Moreover,
phosphoric acid catalysis caused a decrease in the AZ decomposition temperature. Meantime, the thermal coupling appeared during
the foaming process, which could further reduce the decomposition rate. Consequently, the small activator played a key role in
regulating cell formation and diffusion. Compared to AZ, the novel blowing agent system significantly reduced the cell diameter of
the PE foam resin and enhanced its flexural modulus by 50%. Furthermore, the novel blowing agent facilitated better demolding
performance and improved the surface morphology of the PE foam product. This research provides significant foaming behavior
regulation for the PE resin during industrial applications.

1. INTRODUCTION
Polyethylene (PE) is a commonly used plastic material with a
wide range of applications.1−9 The research studies of PE have
also received extensive attention for its synthesis,10 modifica-
tion,11−13 application,14−16 degradation,17,18 etc. Foaming
technology has been widely applied in PE products, such as
injection foaming and rotational foaming.19−21 The foaming
behavior directly affects the performance of the PE foaming
products. Therefore, the regulation of foaming behavior is a
highly important and valuable research work.

For rotational molding, it is currently a terrific technique used
to create large hollow plastic products in the plastic industry.
This method is favored for its ability to minimize residual stress,
cost-effective molds, and the opportunity for intricate structural
designs.22 With the continuous growth of the economy,
applications of rotational molding have expanded significantly.
It is now utilized in various industries such as the military,
chemistry for containers, recreation facilities, marine facilities,
sports products, and medical devices.23,24 Building upon the
principles of rotational molding, the rotational foaming
technology was developed, which shares the benefits of
rotational molding and introduces additional features like

sandwich-structure products with multiple layers.25−29 Notably,
polyethylene (PE) and polyurethane (PU) are the primary
products for rotational foaming. In general, PU foam in
rotational foaming products is limited to being used as a filler.
This is because it is challenging to fill larger and more complex
products, leading to delamination with the outer layer. On the
other hand, the PE foam for sandwich-structure products
provides better adhesion between the core and skin layers. The
foaming process of PE foam products involves the introduction
or generation of gases within the polymer matrix. These gases
can be produced using either a physical or chemical blowing
agent.30,31 For blowing agent comparison, only chemical
blowing agents can be used in rotational foaming due to
atmospheric operation. Physical blowing agents would increase
mold pressure, resulting in higher equipment costs.32 Therefore,
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compared with physical blowing agents, chemical blowing
agents offer more convenience in the rotational foaming process.

Increased attention has been given by researchers to studying
the mechanisms of the rotational foaming process.33−41 The
foaming process consists of four distinct stages: primary
nucleation, secondary nucleation, bubble growth, and bubble
shrinkage. Notably, it was discovered that primary nucleation
occurred in interstitial regions, which has a significant role in
determining the final cellular structure. Additionally, secondary
nucleation takes place within the polymer melt.33 The influence
of polymeric viscosity on the nucleation rate was also
investigated by using modified nucleation theory. Also, the
experimental data served as a verification for this theory.34−36

For various PE foam products, such as linear low-density
polyethylene (LLDPE), high-density polyethylene (HDPE),
and their blends, a comprehensive analysis of cellular structures
utilized noninvasive X-ray microcomputed tomography. The
results demonstrated that microcells usually have a tendency to
grow and elongate in the thickness direction.37 The duration of
the bubble lifespan is greatly influenced by the processing
temperature, diffusivity, and gas bulk concentration. To account
for these effects, a mathematical model was employed,
considering factors such as diffusion, surface tension, viscosity,
and elasticity. Additionally, it was observed that an increase in
the chemical blowing agent content led to a higher number of
cells being nucleated. Also, the particle size of the chemical
blowing agent impacted the bubble’s lifespan.38,39 Utilizing an
optical microscope, the decomposition behavior of the chemical
blowing agent and the zero-shear viscosity of LLDPEs during
foaming were examined. It was determined that the content of
the chemical blowing agent, processing temperature, and
heating time played vital roles in the cell morphology. Further,
the performance of the chemical blowing agent strongly
influenced the foaming properties. The foaming behavior of
the chemical blowing agent was the key for PE foam products,
such as decomposition temperature, decomposition rate, and
the generated gas.40,41 There is a lack of specific chemical
blowing agents designed for the rotational foaming process of
the PE resin. Moreover, the conventional blowing agent
azodicarbonamide (AZ) possesses a higher decomposition
temperature and faster decomposition rate for the PE resin.32

Consequently, several challenges arise in PE rotational foaming
with an AZ blowing agent. First, the melting point temperature
of PE resin is relatively low. Also, pure AZ requires a high
decomposition and foaming temperature. This incongruity
makes it unsuitable for the slow heating process of the inner
surface during rotational molding. Furthermore, the heating
process for rotational foaming requires significantly more time
compared with injection molding or blow molding. The
prolonged rotational molding cycle is caused by the temperature
difference between the inner and outer surfaces of the products.
The exothermic reaction leads to an increasingly faster
decomposition rate of the AZ thermal decomposition. As a
result, there is a defect of large-sized cells on the outer surface of
the PE foam product, potentially leading to combustion.
Additionally, an incomplete foaming process appears on the
inner surface of the PE resin, which can adversely affect the PE
foam product performance. Moreover, the exothermic reaction
of AZ decomposition gives rise to some secondary reactions and
generates low-molecular-weight compounds such as biurea,
urazol, and cyanic acid. Cyanic acid further exacerbates the
issue.42,43 These reactions often lead to the PE foam product
sticking to the mold, compromising the product quality. In

summary, a specialized blowing agent for PE resin is an urgent
requirement in rotational foaming. It is significant that AZ as a
blowing agent is replaced by the novel blowing agent to ensure
optimal performance and quality of the PE foam product.

In this work, a novel blowing agent was synthesized by a one-
pot method. This blowing agent consisted of an activator and
AZ, which exhibited a lower decomposition temperature and a
milder decomposition rate than AZ. The activator was
constituted of small-sized ammonium dihydrogen phosphate
on the AZ surface, which could be decomposed properly and
deliver phosphoric acid and H2O during the foaming process.
Then, AZ reacted with H2O under phosphoric acid catalysis.
Also, this reaction generated CO2 while reducing the emission of
NH3 through recombination with phosphoric acid. Moreover,
phosphoric acid catalysis caused a decrease in the AZ
decomposition temperature. Meantime, the thermal coupling
appeared during the foaming process, which could further
reduce the decomposition rate. Also, it demonstrated notable
enhancement in the flexural modulus of PE foam products by
utilizing the novel blowing agent instead of AZ.

2. EXPERIMENTAL SECTION
2.1. Materials. The supplied PE resin material had a melt

index of 8.0 g/10 min as per ASTM D1238, using a 2.16 kg load
under a temperature of 190 °C. This material was provided by
Shenhua (Beijing) New Materials Company. The chemical
blowing agent AZ refers to a commercially available
azodicarbonamide obtained from Adamas Reagent Co., Ltd.
The particle size range of the industrial AZ grade varied from 12
to 18 μm, with an average particle size of approximately 13 μm.
Another chemical blowing agent, known as OBSH, was also
purchased from Adamas Reagent Co., Ltd. For the experiment, a
phosphoric acid reagent with a purity level exceeding 98% was
obtained from J&K Scientific Company. ZnO was acquired from
Sinopharm Group Reagent Co., Ltd. NH3·H2O, which is a 25 wt
% ammonia solution in H2O, was procured from Aladdin as an
analytical purity product.
2.2. Equipment and Characterization. The rotational

molding machine used in this study was a shuttle machine
labeled F01−1000, provided by Yantai Fangda Corporation in
China. The inner diameter of the machine’s oven was 1.0 m. The
twin-screw extruder utilized had a diameter of 26 mm and an L/
R ratio of 40. X-ray diffraction (XRD) analysis was performed at
room temperature by using a Bruker D8 ADVANE instrument.
The XRD measurements employed 0.154 nm Cu target rays,
scanning within the range 10−80° at 2θ with a voltage of 40 kV
and a current of 40 mA. The scanning step size was 0.02°, while
the residence time was 0.2 s per step. The ATR-FTIR spectra
were acquired on a Shimadzu Prestige-21 IR Prestige-21
spectrophotometer. Additionally, a thermogravimetric analysis
machine-coded TGA 1550, obtained from Thermo Fisher, was
used. The thermoanalytical experiment involved increasing the
sample temperature at a heating rate of 10 °C/min under a
nitrogen atmosphere. Cellular morphology observation of PE
foam product was carried out employing a computer imaging
stereoscopic microscope XTL-24BC, purchased from Shanghai
Pudan Optical Instruments Co., Ltd. Microstructural analysis
was conducted by using Nova Nano SEM 450, manufactured by
the FEI company. Finally, the flexural modulus was determined
through testing conducted with an Instron 5965 apparatus.
2.3. Preparation of the Novel Blowing Agent of PAZ.

To synthesize the novel blowing agent, 1.16 g of AZ foaming
agent was dissolved in 20 mL of deionized (DI) water. The
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solution was then heated to 85 °C and stirred for 8 h.
Subsequently, 7.84 g of phosphoric acid was introduced, and the
resulting mixture was stirred for approximately 10 h. Next, NH3·
H2O was employed to adjust the pH to 7. The solution was
subsequently subjected to vacuum drying at 50 °C for 12 h. The
resulting product was identified as the novel blowing agent,
designated as PAZ. The foaming mechanisms for AZ and PAZ
are illustrated in Figure 1. During the process of PE foaming, the
main released gas was NH3 by thermal decomposition of the AZ

blowing agent. On the other hand, the PAZ blowing agent was
composed of AZ and an activator. The activator consisted of
small-sized ammonium dihydrogen phosphate on the surface of
AZ, delivering phosphoric acid and H2O during the PE foaming
process. Under the catalysis of phosphoric acid, AZ reacted with
H2O. This reaction mainly resulted in the emission of plenty of
CO2 and small amounts of N2. Also, it simultaneously reduced
the emission of NH3 by phosphoric acid absorption.

Figure 1. Schematic illustration of the individual foaming mechanisms for AZ and PAZ during the PE foaming process.

Figure 2. Preparation process of the PE foam product by rotational foaming with PAZ.

Figure 3. (a) XRD patterns and (b) FTIR spectra of the pure AZ and PAZ samples.
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2.4. Preparation of the PE FoamProduct by Rotational
Molding. The melt mixtures of PE and a chemical blowing
agent were prepared by using a twin-screw extruder at a
temperature of 150 °C. It is important to note that the
processing temperature should be maintained above the melt
temperature of the PE resin and below the decomposition
temperature of the chemical blowing agent. Subsequently, the
mixtures of PE resin and the chemical blowing agent were
ground into a powder, which was then utilized in the subsequent
rotational foaming process. The experimental mold size for this
study was 450 mm × 370 mm × 200 mm. The temperature for
the rotational foaming process was determined based on the
characteristics of the mixtures. The oven temperature could be
adjusted according to the demand. The heating time for both
blends was set at 24 min, with the spindle and secondary shaft
speeds set to 5 and 8 rpm, respectively. The resulting PE foam
products with AZ and PAZ were denoted as AZ@PE and PAZ@
PE, respectively. Figure 2 depicts the process of the PE foam
product obtained through rotational foaming using PAZ as the
blowing agent.

3. RESULTS AND DISCUSSION
3.1. Characterization of PAZ. The XRD analysis in Figure

3a revealed the crystal structures of pure AZ and PAZ. The XRD
pattern of the pure AZ sample matched the structure of
azodicarbonamide (C2H4N4O2) (PDF No. 28−1535) with
characteristic peaks at 16.0, 23.3, 27.4, 29.0, and 41.7°.

Importantly, the XRD pattern of PAZ closely resembled that
of AZ, confirming the presence of azodicarbonamide as one of
the main crystalline materials. Additionally, the XRD peaks of
PAZ at 16.7, 23.9, 33.9, 37.9, and 45.1° corresponded to the
structure of ammonium dihydrogen phosphate (NH4H2PO4)
(PDF No. 85−0815). Both AZ and ammonium dihydrogen
phosphate diffraction peaks were observed in the PAZ sample,
indicating the presence of numerous ammonium dihydrogen
phosphate particles. Moreover, the characteristic peaks of
ammonium dihydrogen phosphate in the PAZ sample were
stronger than those of AZ, which implied the presence of plenty
of small-sized ammonium dihydrogen phosphate particles on
the surface deposition of large-sized AZ particles.

As demonstrated in Figure 3b, the characteristic absorption
peak of PAZ at 1475 cm−1 noticeably declined. This decline
might be attributed to the abundant formation and dispersion of
ammonium dihydrogen phosphate on the surface of the AZ
particles. Additionally, the distinctive bimodal structure of pure
AZ sample at 3000−3300 cm−1 was replaced by a wide
absorption peak ranging from 2500 to 3300 cm−1. It also
provided the corresponding evidence. Furthermore, the
presence of the −P−O-H, −P�O, and −P−O functional
groups displayed the novel absorption peaks observed at 2856,
1250, and 1060 cm−1, respectively. Therefore, the characteristic
absorption peaks of PAZ confirmed the formation of ammonium
dihydrogen phosphate. These findings are consistent with the
XRD results.

Figure 4. SEM images of (a) AZ and (b−d) PAZ. EDS elemental mapping of (e, f) PAZ. (g) SEM image and EDS elemental mapping of PAZ washed
by DI water.
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The scanning electron microscopy (SEM) technique was
used to further analyze the detailed morphologies of AZ and
PAZ. SEM images of AZ are shown in Figure 4a, revealing that
the majority of AZ particles had an irregular shape with a rough
and cracked surface. The size of the particles was relatively
uniform, with a diameter below 40 μm. In contrast, the
morphology of PAZ differed from that of AZ. Figure 4b exhibits
a distinctive prismatic structure on the surface of AZ particles,
indicated by the red square. Additionally, numerous small
particles were observed on the particle surface, forming intimate
interfaces. Figure 4c displays a large number of prismatic
crystals. Also, Figure 4d reveals a significant aggregation of small-
sized particles. Figure 4e shows the corresponding elemental
mapping in the red square of Figure 4c, highlighting the presence
of C, N, O, and P elements. Similarly, Figure 4f provides the
elemental mapping in the red square of Figure 4d, confirming
the presence of C, N, O, and P elements. These observations
suggested that the PAZ sample contained two types of
morphologies dispersed on the surface of AZ particles. In

comparison, Figure 4g demonstrates the SEM image of PAZ
after being washed with DI water, indicating the absence of small
particles and prismatic crystals on the particle surface of the AZ
particles. The corresponding elemental mapping of the red
square in Figure 4g comprises only C, N, and O elements. Also,
the P element was not observed, consistent with FTIR spectral
results (Figure S1). It indicated that ammonium dihydrogen
phosphate could be easily washed away from PAZ by DI water.
3.2. Thermal Decomposition Performance of PAZ. For

the blowing agent of the PE foam product, the optimal
temperature range for the initial decomposition in the rotational
foaming process is crucial. A lower initial decomposition
temperature may result in the blowing agent decomposing
before the PE resin is fully melted. It results in the
decomposition gas of the blowing agent being released
prematurely and wasted rapidly. Conversely, when the blowing
agent had a higher initial decomposition temperature, an
excessive decomposition rate can cause uneven cell distribution
in the inner and outer layers of PE foam products during the

Figure 5. (a) TG and (b) DTG curves of different samples for comparison.

Figure 6. TG and DSC curves of (a) NH4H2PO4, (b) AZ, (c) PAZ-1 (NH4H2PO4:AZ = 1:1), and (d) PAZ-2 (NH4H2PO4:AZ = 2:1).
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rotational foaming process. Therefore, the thermal decom-
position characteristics of PAZ played a crucial role, including its
thermal decomposition temperature and rate.

TG analysis was utilized to measure the thermal decom-
position characteristics of the samples. As illustrated in Figure
5a, PAZ exhibited a lower initial decomposition temperature,
nearly being at 180 °C compared with AZ, nearly being at 210
°C. Additionally, the PAZ blowing agent system exhibited a
higher residual mass after thermal decomposition. It is
advantageous that the PAZ system has a high ash content
because bubble nucleation preferentially occurs on the small-
sized solid particles. Additionally, the initial decomposition
temperature of pure OBSH is as low as 165 °C, which has an
improper low initial decomposition temperature for PE resin.
Especially, for the AZ/ZnO blowing agent system, the initial
decomposition temperature decreases significantly with the
increase of the ZnO loading dose. The initial thermal
decomposition temperature of the AZ/ZnO blowing agent
system decreased significantly compared with that of pure AZ.
For the thermal decomposition temperature rate, the PAZ
blowing agent system exhibited a more favorable rate compared
with the AZ/ZnO and OBSH blowing agent systems (Figure
5b). The moderate decomposition rate of PAZ also facilitated
the nucleation growth of primary bubbles and resulted in a
smaller average cell size during the rotational foaming process.
Unlike the existing blowing agent systems involving AZ with
heavy metal salts, metal oxides, and other activators, the PAZ

blowing agent system is a uniquely designed system that
operates on a novel foaming mechanism.44,45

For the thermal effect aspect, the thermal decomposition
reaction of pure ammonium dihydrogen phosphate was
unmistakably endothermic, as depicted in Figure 6a. It exhibited
an initial decomposition temperature of 180 °C and reached its
peak temperature at 204 °C. As displayed in Figure 6b, the
thermal decomposition of pure AZ showed an exothermic peak
at 236 °C, followed by an endothermic peak at 251 °C. For the
PAZ blowing agent system, PAZ-1 demonstrated an intriguing
offsetting phenomenon between exothermic and endothermic
reactions. This phenomenon suggested that the presence of
ammonium dihydrogen phosphate as an activator influenced the
thermal decomposition behavior of AZ (Figure 6c). More
importantly, Figure 6d illustrates that PAZ-2 exhibits a regulated
exothermic reaction through the thermal coupling effect. This
effect proved advantageous for PE foam products in achieving a
reduced average cell diameter during the rotational foaming
process.

For the gaseous products of thermal decomposition, the gases
released from AZ and PAZ were carefully recorded, respectively.
The results of this analysis can be observed in Figure 7a,b,
respectively. As depicted in Figure 7a, the mass spectrometric
intensity curves displayed distinct ion fragments with m/z values
of 17, 18, and 44, corresponding to NH3 and CO2. It was evident
that the primary released gas during the thermal decomposition
of AZ was NH3 above 210 °C, aligning with the main reaction
stage observed in the DSC spectrum. In contrast, Figure 7b

Figure 7. DSC and mass spectrometric intensity curves during the thermal decomposition of (a) AZ and (b) PAZ. (c) Photographs of AZ with H2O
decomposition reaction during the heating process at 120 °C by adding H3PO4. (d,e) SEM images of the sample with the mole ratio of H3PO4:AZ =
1:1 after the decomposition reaction. (f) EDS spectra of the sample with the mole ratio of H3PO4:AZ = 1:1 after the decomposition reaction.
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illustrates that the primary released gas during the thermal
decomposition of PAZ was CO2 above 180 °C, differing
significantly from the decomposition process of AZ. The
decomposition behavior of PAZ can be described as follows:
(i) An initial decomposition temperature of 180 °C indicated
the initial pyrolysis of ammonium dihydrogen phosphate,
resulting in the generation of diammonium dihydrogen
diphosphate ((NH4)2H2P2O7), H2O, NH3, and phosphoric
acid (H3PO4) (reactions 1 and 2).46−49

+2NH H PO (S) (NH ) H P O (S) H O(g)4 2 4 4 2 2 2 7 2 (1)

+NH H PO (S) NH (g) H PO (l)4 2 4 3 3 4 (2)

(ii) AZ reacted with H2O under phosphoric acid catalysis,
producing plenty of CO2 and small amounts of N2 (reaction 3).

+

+ +

3C H N O (S) 6H O(g)

2N (g) 6CO (g) 8NH (g)

2 4 4 2 2
H PO

2 2 3
3 4

(3)

The decreased emission of NH3 compared to CO2 can be
attributed to the reassociation of NH3 with phosphoric acid,
which was found to be consistent with the previous report by
Marcilla et al.50 Figure 7c displays the photographic evidence of
AZ (1.16 g) and H2O (20 mL) reaction by phosphoric acid
catalysis. The samples were prepared with mole ratios of
H3PO4:AZ = 1:1, H3PO4:AZ = 1.5:1, and H3PO4:AZ = 2:1. For
the sample with a mole ratio of H3PO4:AZ = 1:1, the yellow
residual AZ particles still could be observed. The decomposition
reactions between AZ and H2O were not performed completely
due to the absence of H2O during the heating process at 120 °C.
Conversely, for the samples with mole ratios of H3PO4:AZ =
1.5:1 and H3PO4:AZ = 2:1, their decomposition reactions
between AZ and H2O could be performed completely. Also, it

Figure 8. (a) Density curves. (b) Histograms of cell diameter. (c) Cell diameters of the inner and outer surfaces. (d) Flexural modulus of the samples.
PE foam product images of (e) 1.3 wt % AZ@PE and (f) 3.0 wt % PAZ@PE. (g) Cell morphology image of 3.0 wt % PAZ@PE at 190 °C.
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was observed that numerous bubbles appeared on the surface of
culture dishes, respectively. In fact, the reaction rate gradually
accelerated with an increasing amount of phosphoric acid,
demonstrating its catalysis effect on the decomposition reaction
of AZ with H2O during the heating process at 120 °C.
Furthermore, Figure 7d depicts a scanning electron microscope
(SEM) image of the sample with a mole ratio of H3PO4:AZ = 1:1
after the decomposition reaction, revealing the formation of
numerous bubble pores on its surface (Figure 7e). The
corresponding energy-dispersive X-ray spectroscopy (EDS)
analysis of the sample in Figure 7d is displayed in Figure 7f. It
illustrated that the residual particles comprised C, N, O, and P
elements. Considering the initial decomposition temperature of
AZ at 210 °C, the above results demonstrated that AZ could
react with H2O by phosphoric acid catalysis.
3.3. Property of PE Foaming Product. It is widely

recognized that the foaming behavior of a chemical blowing
agent is closely connected to PE foam product properties. To
further investigate the properties of the PE foaming product, a
comparison was made for PE foam products using pure AZ and
the PAZ foaming agent under identical conditions. Three
samples of PE foam products were prepared using a twin-screw

extruder at a temperature of 135 °C. These samples were labeled
as 3.0 wt % AZ@PE, 1.3 wt % AZ@PE, and 3.0 wt % PAZ@PE,
respectively. Moreover, the samples of 1.3 wt % AZ@PE and 3.0
wt % PAZ@PE had the same amount of pure AZ. Subsequently,
each sample underwent a foaming process in a constant-
temperature oven at different temperatures, enabling a
comparison of the foaming behavior. The foaming gas amount
of 3.0 wt % AZ@PE was relatively small at 180 °C. However, it
increased significantly from 180 to 210 °C (Figure S2). The
foaming gas amount of 1.3 wt % AZ@PE showed a similar trend
(Figure S3). Strikingly, the foaming gas amount of 3.0 wt %
PAZ@PE was dramatically large at 180 °C. Additionally, the cell
diameter of 3.0 wt % PAZ@PE was smaller compared to the
other two samples at 180−210 °C (Figure S4). The density of
each foam sample was determined using the immersion method,
and the densities at different temperatures are depicted in Figure
8a. Notably, the density of 3.0 wt % PAZ@PE reached its lowest
level at 190 °C, and further temperature increase did not cause a
significant decline. This suggested that 3.0 wt % PAZ@PE could
complete its foaming process at 190 °C, as opposed to the other
two samples. The results clearly demonstrate that the foaming
temperature of PAZ is dramatically lower than that of AZ. The

Figure 9. (a) Disadvantages of pure AZ blowing agent. (b) Advantages of PAZ blowing agent. (c) Foaming mechanism comparison of PE foam
products by the rotational foaming process with AZ and PAZ, respectively.
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histograms in Figure 8b display the cell diameters of 3.0 wt %
PAZ@PE, which are significantly smaller than those of the other
two samples. This phenomenon can be explained by their
different foaming mechanisms. Comparatively, 3.0 wt % PAZ@
PE exhibited smaller cell diameters on both the inner and outer
surfaces compared with 1.3 wt % AZ@PE. Also, their cell
diameter statistics are illustrated in Figure 8c. While the outer
surface of 1.3 wt % AZ@PE achieved complete foaming, the
inner surface was not fully foamed, showing an average cell
diameter of 594 μm. This implies that the cell size of the outer
surface in 1.3 wt % AZ@PE is 72% larger than that of the inner
surface. In contrast, 3.0 wt % PAZ@PE exhibited complete
foaming on both its inner and outer surfaces. Notably, the cell
diameter on the outer surface was only slightly larger by about
20% compared to the inner surface. 3.0 wt % PAZ@PE had a
more homogeneous cell distribution compared with 1.3 wt %
AZ@PE (Figure S5). Concretely, the flexural modulus of the PE
foam product is a measure of its ability to withstand deformation
caused by bending stress. It plays a significant role in the
practical application of PE foam products. Figure 8d shows the
flexural properties of the samples. Also, the flexural modulus of
3.0 wt % PAZ@PE was 50% higher than that of 1.3 wt % AZ@
PE. This remarkable improvement in the flexural modulus can
be attributed to the excellent foaming behavior of the PAZ
blowing agent.

Notably, the adherence issue was a major concern during the
rotational foaming process of the PE foam products. In the case
of the AZ blowing agent, depicted in Figure 8e, there were
yellow impurities on the outer surface of the sample, which
would detach from the mold surface. This occurrence was
attributed to the presence of small amounts of low-molecular
compounds, such as biurea, urazol, and cyanic acid.42,43 These
low-molecular-weight compounds had a corrosive effect on the
mold and contributed to the sticky molding phenomenon. In
contrast, for the PAZ blowing agent, the sticking issue was
significantly inhibited. Also, the sample could be effortlessly
detached from the mold. The surface had no yellow substance
on the surface (Figure 8f). Moreover, the cell size of the PE foam
product with the PAZ blowing agent was smaller and more
uniform compared to that of the AZ blowing agent (Figures 8g
and S3). It indicated that the PAZ blowing agent was significant
in ensuring the stable production of high-quality PE foam
products during the rotational foaming process.
3.4. Mechanism of the Foaming Behavior for PAZ. For

a pure AZ blowing agent, its disadvantages are the higher
decomposition temperature and the faster decomposition rate
for the PE resin. Therefore, its improper decomposition
temperature needs a higher processing temperature, which can
lead to uneven cell formation. In fact, the bad foaming behavior
of AZ resulted in insufficient flexural modulus and the sticking
phenomenon for the PE foam product (Figure 9a). Therefore, a
uniquely designed blowing agent of PAZ was obtained by
dispersing a small-sized ammonium dihydrogen phosphate
activator on the AZ particle surface. Compared with AZ, PAZ
achieved a lower decomposition temperature and a moderate
decomposition rate, which generated a uniform cell distribution.
The excellent foaming behavior improved the flexural modulus
and avoided the sticking phenomenon for the PE foam product
(Figure 9b). Figure 9c displays the foaming mechanism
comparison of AZ and PAZ. AZ had an exothermic reaction
first and then an endothermic reaction during thermal
decomposition. The initial temperature of thermal decom-
position for AZ was nearly 210 °C, which can easily lead to a

higher local temperature and result in a higher decomposition
rate. The released gas of AZ was mainly NH3 during thermal
decomposition. In contrast, PAZ achieves the active effects of
thermal coupling effect and phosphoric acid catalysis. The initial
temperature of thermal decomposition for PAZ was nearly 180
°C, which can be beneficial for the PE foam product to obtain a
small average cell diameter during the rotational foaming
process. Small-sized ammonium dihydrogen phosphate on the
AZ surface could be decomposed properly and deliver
phosphoric acid and H2O during the foaming process. Then,
AZ reacted with H2O under phosphoric acid catalysis. Also, this
reaction generated CO2 emission while reducing the emission of
NH3 through recombination with phosphoric acid. The released
gas of PAZ was mainly CO2 due to the significantly tunable
foaming behavior.

4. CONCLUSIONS
In this paper, a novel blowing agent for the PE resin was
designed and synthesized by a one-pot method. The novel
blowing agent PAZ can achieve a lower decomposition
temperature and a milder decomposition rate than AZ due to
the thermal coupling effect and phosphoric acid catalysis. The
PAZ blowing agent generated more small-sized cell nucleation
during the thermal decomposition. Also, the fewer thermal
decomposition byproducts improved the pretty surface of end-
used PE foam products during the rotational foaming process.
Compared with pure AZ, PAZ is an excellent blowing agent for
the preparation of the PE foam product. The cell diameter of the
PE foam product can be reduced significantly using a PAZ
blowing agent. Therefore, the flexural modulus of PE foam
product produced with PAZ is 50% higher than that produced
with pure AZ. Additionally, PAZ, as a blowing agent of PE resin,
can provide a better demolding performance and a much more
perfect surface than AZ. This work provides an important
approach for tuning the foaming behavior of the chemical
blowing agent during industrial applications.
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