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nition, mechanism and
controllability of secondary bubbles based on the
bubble nucleation model in injection foaming
polypropylene†
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Chun Zhang,b Wei Gong*ac and Li He *ab

The process of nucleation and growth of polypropylene foam was observed by using visualizations of the

mold-opening foam injection molding (MOFIM) and free foaming (FREEF). The fitting of the mathematical

model formula was used to supplement the judgment conditions of the secondary bubbles to explore the

generation process and formation conditions of the secondary bubbles. The results of changes in blowing

agent content and melt temperature proved the rationality of the judgment basis and the appearance of

secondary bubbles started from the late stage of balanced-foaming. Then, the combined action of

several nucleation mechanisms led to the emergence of secondary bubbles, which was observed

utilizing glass fibers as nucleating agents and tracers. The data for the two foaming modes indicated that

the formation of secondary bubbles is closely related to temperature and pressure drop. The bubble

nucleation model was amended and validated by regulating the temperature variation in the mold cavity

to control the number of secondary bubbles, which enabled the nucleation process of secondary

bubbles to be fitted to an “S-shaped” curve. Finally, a controllable number of secondary bubbles was

obtained from the bimodal bubble structure. Herein, this study enriches our understanding of the

formation process of secondary bubbles, and provides theoretical guidance for fabricating high density,

small size foam materials.
1. Introduction

Polymer foam is a material that takes polymer resin as the
matrix and introduces gas into the matrix to obtain a large
number of cells in the structure.1–3 Due to the advantages of
lightweight, minimal material use, broadband absorption
properties,4 heat insulation and electromagnetic shielding,5,6

polymer foam plastics have been widely utilized in construc-
tion, buffer packaging, automotive aerospace, furniture and
other industries. The properties of the polymer foam are largely
determined by the basic properties of the polymer matrix, and
the cell size, morphology and distribution of the nal foamed
materials.7–9 Nevertheless, the process of bubble nucleation and
growth determines the structure of the cells, and secondary
nucleation in bubble nucleation also affects the foaming quality
hou University, Guiyang 550025, China;
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of the foamed material. Therefore, in order to obtain high-
quality microcellular foamed materials with a uniform cell
size and cell distribution, it is necessary to investigate the
nucleation and growth laws of secondary bubbles during the
foaming process.

Many researchers have systematically studied the nucleation
and growth process of bubbles during different foaming
processes, and multiple rules and conclusions have made
dramatic contributions to people's understanding of bubble
nucleation and growth in different foaming processes. For
example, Albalak et al.10 obtained extruded plastics of LDPE/
hexane by instant and rapid cooling at different processing
times, and observed their cell morphology using SEM. They
proposed that cell expansion could create tensile stress in the
surrounding molten plastic, resulting in a localized system
pressure reduction, which further induces the nucleation of
secondary bubbles around the cell. Yarin et al.11 suggested that
elastic energy was stored in the vicinity of the initial bubble, and
secondary bubbles were formed in the vicinity of the initial
bubble as the elastic energy was released. Additionally, Chen
et al.12 established a bubble stretching model to explain the
effect of shear stress on bubble nucleation. The results show
that the conversion of mechanical shear energy to surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
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energy was the key to the bubble nucleation induced by shear
stress. To obtain a deeper understanding of the secondary
bubble nucleation process, many researchers developed exper-
imental foaming visualization techniques and numerical
models to observe and predict bubble nucleation and growth
processes. Wong et al.13 investigated the effect of tensile stress/
strain on polystyrene/CO2 foaming behavior under different
process conditions. It was found that as the tensile strain
increased, the expansion of already-nucleated bubbles caused
the generation of secondary bubbles around them. Secondary
bubble expansion subsequently supported the formation of
tertiary bubbles around them. Peng et al.14 adopted a visual
system for observing the nucleation and growth of bubbles
during extrusion foaming. They found that the previously
already-nucleated bubbles would break into small bubbles
under the action of a sufficient stress gradient. Shaayegan
et al.15,16 observed the formation of “satellite bubbles” around
the already-nucleated bubbles, and the formation of circular
“contraction-induced” bubbles due to the cavity pressure drop
during melt contraction. Nucleation of the “satellite bubbles”
does not indicate a stage of secondary bubble formation.
Instead, the “contraction-induced” bubbles indicate that the
secondary bubbles are formed aer the melt is no longer ow-
ing and contracting. The above results show that the current
research on secondary bubbles is mainly focused on the
mechanism of secondary bubble formation. However, they only
indicate that the bubbles close to already-nucleated bubbles are
secondary bubbles, and also they do not give a clear judgment
on the appearance of the secondary bubbles (i.e., whether the
secondary bubbles exist in the entire foaming process or appear
from a certain moment). Therefore, it is necessary to further
understand the nucleation law of the secondary bubbles to
control their emergence, which has a crucial impact on
obtaining foamed structural materials with the coexistence of
large and small bubbles.

Polymeric foams containing large and small cells are
referred to as bimodal cellular structural foams. Compared with
the traditional unimodal cell structure foam, the bimodal cell
structure foam has better sound absorption properties,17

thermal insulation properties18 and mechanical properties. Li
et al.19 investigated the formation mechanism of bimodal
cellular materials prepared by a two-step decompression
method via in situ visualization. Xu et al.20 used the synergistic
combination of temperature rise and pressure drop to prepare
bimodal polystyrene foam. They believed that large cells were
formed during the heating stage and grew during the subse-
quent pressure drop, and small cells were also created at this
time. However, batch foaming has limited the production of
bimodal foams due to its inefficiency and small product size.
Microcellular injection molding (MIM) is a method used to
efficiently produce microcellular products of various shapes.
Ameli et al.21,22 obtained PLA foam with a bimodal structure
using a MIM technique equipped with gas backpressure
equipment. Zhao et al.23 designed a specic mold with thin
cavities to achieve fast cooling MIM, which prepared light-
weight bimodal micro- and nanoporous PP foams with high
toughness. At present, the foaming technology used for
© 2023 The Author(s). Published by the Royal Society of Chemistry
preparing bimodal foam materials by injection foaming is
relatively difficult, and there are few reports on obtaining
bimodal foam materials by regulating the injection molding
process. Therefore, for the sake of further obtaining bimodal
structural foams via injection foaming, it is very important to
study the inuence of process parameters in obtaining bimodal
foams to guide the subsequent research.

Hence, this work took chemical foaming as the main line,
and coupled it with the numerical tting of two foaming
processes to discuss the emergence process and formation
conditions of secondary bubbles by designing a dynamic
foaming visualization system. In addition, glass ber was
utilized as a nucleating agent and tracer for the study of the
formation mechanism of secondary bubbles. Subsequently, the
bubble nucleation model was amended and validated by regu-
lating the temperature variation in the mold cavity to control
the number of secondary bubbles. Finally, the bimodal struc-
ture was obtained as a result of the controllable preparation of
the secondary bubbles.
2. Theoretical basis

According to the classical nucleation theory,24,25 whether an
already produced bubble embryo or a newly produced bubble
embryo, as long as the radius of the bubble embryo is larger
than the critical radius of the bubble (Rcr), bubbles will spon-
taneously grow, while bubbles smaller than it will collapse.
Assuming that the polymer-gas system is a weak solution, the
pressure in the bubble can be expressed using the Henry's
Law,26 and Rcr can be expressed as follows:

Rcr ¼
2glg

Pcell � Psys

¼ 2glg

DP
¼ 2glg

KHC � Psys

(1)

DG ¼ 16g3
lg

3DP2
(2)

where Pcell is the pressure inside the bubble of critical size; DP is
supersaturation degree; Psys is the local system pressure around
the bubble; glg is the surface tension at the liquid–gas interface;
C is the concentration of foaming agent; KH is the Henry
constant; DG is the free energy of homogeneous nucleation.
According to eqn (1), Rcr is a strong function of the surface
tension (glg) and the supersaturation (DP) in the polymer melt.
The change of glg is related to the change of temperature in the
resin. The variation of DP depends on the pressure difference
inside and outside of the bubble and the pressure uctuation
induced by local stress. Pcell is also impacted by changing the
resin's gas concentration. Therefore, the creation of new
bubbles in the process of polymer foaming is caused by the
decrease of the critical nucleation radius again. Then, the nuclei
of the bubbles close to Rcr in the foaming system lower the
nucleation barrier as a result of the action of external factors,
which is the essence of secondary bubble creation. Under the
internal precondition of enough gas remaining in the resin,
these external factors are the temperature and pressure envi-
ronments that contribute to the reduction of the initial bubble
formation barrier.
RSC Adv., 2023, 13, 2746–2755 | 2747
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In addition, according to the mathematical model formula
established by a research group in the early stage, the process of
bubble nucleation was well simulated.27 Themodel formula was
modied as follows:

N ¼ 10*N1*
exp½n*ðt�sÞ�

1þ exp½n*ðt�sÞ�*exp

�
�DG
RT

�
(3)

where N is the number of bubbles at time t; N1 is the number of
effective nucleation sites, and here we set it as N1 = 2000; n is
the nucleation rate of the cells; T represents foaming tempera-
ture; s stands for relaxation time; DG represents the Gibbs free
energy of the system. In this article, we used the model formula
to t the relationship between the bubble number and foaming
time, and found that the experimental value and the tting
value always deviated from the tted values before the bubble
number was about to stabilize. The deviation may be related to
some assumptions in the process of model establishment, and
may also be associated with the secondary nucleation in bubble
formation. Therefore, the formation of secondary bubbles
during bubble nucleation is considered to be one of the factors
contributing to this deviation.

3. Experimental
3.1 Materials

Polypropylene (PP, T30S) with a density of 0.192 g cm−3 and
a melting index of 2.94 g/10 min from Xinjiang Dushanzi
Petrochemical Company was used as the polymer matrix. The
chemical blowing agent was azodicarbonamide (AC) with a gas
production of 220 mL g−1, which was provided by Wuhan
Hanhong Chemical Plant. Low density polyethylene (LDPE,
2426H) with a density of 0.968 g cm−3 and a melting index of 1.6
g/10 min from Lanzhou Petrochemical Company was used as
the matrix material of the foaming masterbatch. b-Cyclodextrin
(BC) with a density of 1.23 g cm−3 was purchased from Tianjin
Kemiou Chemical Reagents Co., LTD. Foaming masterbatch,
Fig. 1 (a) Schematic diagram of free foaming visualization experimental d
visualization experimental device, and (c) schematic diagram of visualiza

2748 | RSC Adv., 2023, 13, 2746–2755
foaming supplementary masterbatch and nucleating agent
masterbatch were self-prepared.28,29
3.2 Visualization and dynamic observation of the foaming
process

3.2.1 Mold-opening foam injection molding (MOFIM).
Matrix PP, foaming agent masterbatch were evenly mixed
according to a certain proportion, and then added into a foam-
ing injection molding machine (TTI-205Ge, Dongguan Dong-
hua Machinery Co., Ltd). The visualization device is shown in
Fig. 1(b). The visual mold was equipped with a special foaming
injection molding machine, as shown in Fig. 1(c). The light
source passed through the transparent sample via upper and
lower pieces of transparent glass inside the cavity, and the
experimental area was observed using a high-speed camera. A
video acquisition system was used to record the nucleation and
growth process of the melt in the thickness direction. Image
processing soware was used to take screenshots of the videos
under different foaming conditions at 30 frames per second.
The samples obtained in the experiment were transparent
sheets with a thickness of 2 mm.

3.2.2 Free foaming (FREEF). Firstly, PP, foaming master-
batch and nucleating agent masterbatch were mixed evenly in
a certain proportion. Then, the unfoamed samples with a spline
thickness of 0.68–0.7 mm under different foaming conditions
were prepared by using a foaming injection molding machine
(EM120-V, Zhende Plastic Machinery Co., Ltd, Guangdong,
China), and the splines were cut into small splines of 4× 4 mm.
The prepared samples were placed on a constant temperature
heating table for visual observation, as shown in Fig. 1(a).

Processing parameters used in the FREEF and MOFIM
experiments, which we used for visual observation, are
summarized in Table 1. If no special instructions are given, the
AC content, mold temperature, experimental temperature, and
cooling time have default values of 0.3 wt%, 40 °C, 220 °C, and
30 s, respectively.
evice, (b) schematic diagram of mold-opening foam injection molding
tion mold.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Processing parameters used in FREEF and MOFIM
experiments

Processing parameter FREEF MOFIM

AC content (wt%) 0.3, 0.5 0.3, 0.5
Melt temperature (°C) 200, 220 200, 220
Mold temperature (°C) — 25, 40, 55
Delay mold opening time (“det”) (s) — 0, 0.3, 0.5, 0.7,25
Mold opening distance (mm) — 0.5
Injection speed (mm s−1) — 30
Injection pressure (bar) — 40
Injection volume (mm) — 22
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4. Results and discussion
4.1 Judgment conditions for secondary bubbles

Visualizing foaming experiments and the tted curves of the
bubble nucleation model were used to explore the effect of the
AC content and foaming environment on secondary bubble
nucleation in the PP/AC system. The foaming process of PP
during MOFIM and FREEF with AC contents of 0.3 wt% and
0.5 wt% is displayed in Fig. 2. The time included in each image
represents the length of time from the appearance of the rst
bubble. The statistical results of the number of bubbles in the
process of bubble nucleation at different blowing agent
contents and in different foaming environments are shown in
Fig. 3, where the points are the experimental values. The
number of bubbles increased with the increase of blowing agent
content, and MOFIM obtained more bubbles than FREEF at the
same blowing agent content. Additionally, as the amount of
blowing agent increases, the time it takes for bubbles to begin
nucleating gets shorter.
Fig. 2 Visual observation images of secondary bubble nucleation process
(b) FREEF + 0.3 wt% AC, (c) MOFIM + 0.5 wt% AC, and (d) FREEF + 0.5 w
triangles and red circles. The bubbles appearing away from the stable bu

© 2023 The Author(s). Published by the Royal Society of Chemistry
The curves in Fig. 3 represent the tted curves of bubble
number with time based on the bubble nucleation model.
According to Fig. 3(a), the experimental values andmodel values
of the two foaming methods have different degrees of t. From
the initial stage of bubble nucleation to the bubble number
stabilization, the tted curves show good agreement with the
experimental values obtained by FREEF. However, the tted
curves obtained by MOFIM deviate signicantly from the
experimental values at the middle and late stages of the exper-
imental foaming process. This deviation shows two character-
istics: (1) deviation of the model curves from the experimental
values before the bubble number is stabilized, and (2) serious
deviation of the model curves from the experimental values
aer the bubble number has largely stabilized. These deviations
are shown as blue points in Fig. 3(a′).

Interestingly, as shown in Fig. 3(b) and (c), new small
bubbles (red triangle) appear around the stable bubble at the
blue deviation point in Fig. 3(a′). According to the literature,15,30

these new bubbles can be referred to as secondary bubbles or
satellite bubbles. They suggest that the growth of the stable
bubble had a stressing effect on the surrounding resin, causing
secondary bubbles to appear at higher energy positions.
Accordingly, the nucleation tendency of the original bubble is
altered as a result of secondary bubbles forming around the
stable bubble, which leads to a poor t between experimental
values and model curves. However, this is not reason enough to
judge the secondary bubbles depending on the presence of new
small bubbles around the stable bubbles. Because new bubbles
are present around the stable bubble in Fig. 2(a1) and (c1), and
the FREEF visualization results also show the appearance of
new small bubbles around the stable bubbles in Fig. 2 (red
circles), it is uncertain whether these are secondary bubbles.
of pure PP/AC in two foaming environments: (a) MOFIM + 0.3 wt% AC,
t% AC. The bubbles around the stable bubbles are highlighted by red
bbles are highlighted by yellow triangles and yellow circles.

RSC Adv., 2023, 13, 2746–2755 | 2749
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Fig. 3 (a and a′) N–t curves of experimental and fitted values, (b) the
visual observation images of spot 1, and (c) the visual observation
images of spot 2.
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Consequently, for investigation of the formation process of the
secondary bubbles, the following assumptions are put forward:
(1) in the second half of the experimental foaming process,
before the number of bubbles stabilizes, and (2) aer the
number of bubbles has substantially stabilized, new tiny
bubbles appear within the range where the experimental values
deviate from the tted curve during these two time periods. We
assume that the bubbles that satisfy these two conditions
simultaneously during the foaming process are secondary
bubbles. Although the appearance of secondary bubbles can be
clearly observed by visualization equipment, it is not well
known whether secondary bubbles accompany the whole
foaming process. Our previous studies showed that the nucle-
ation and growth process of bubbles can be divided into three
stages: less-foaming, balanced-foaming and over-foaming.31,32 It
Fig. 4 Visual observation images of secondary bubble growth process o
CD, (c) MOFIM + 0.45 wt%b-CD, and (d) FREEF + 0.45 wt%b-CD.

2750 | RSC Adv., 2023, 13, 2746–2755
can be seen from Fig. 3(a′) that the model curves obtained by
MOFIM show good agreement with the experimental values
before the late stage of balanced-foaming. However, aer the
bubbles are in the late stage of the balanced-foaming stage (blue
point), the appearance of secondary bubbles leads to deviation
between the model curves and the experimental values. The
experimental results obtained at different melt temperatures
are consistent with this phenomenon (Fig. S1 and S2†). There-
fore, secondary bubbles do not exist in the whole foaming
process, but start to appear from the middle and late stage of
balanced-foaming until the number of bubbles is stabilized, but
the formation mechanism is not completely clear.
4.2 How do secondary bubbles form?

According to classical nucleation theory, bubble nuclei smaller
than the critical nucleation radius will be annihilated and
dissipate, while the bubble nuclei larger than the critical radius
will grow to form bubbles. Therefore, the essence of secondary
bubble generation is that the critical nucleation radius is
further reduced during the polymer foaming process (i.e., the
nucleation of secondary bubble caused by the unstable ther-
modynamic state in the foaming process). This unstable state is
strongly linked to the addition of nucleating agent, the residual
gas remaining in the resin, and the variation in the foaming
system's temperature and pressure environment. Leung et al.30

revealed that the expansion of already-nucleated bubbles in the
presence of nucleating agents leads to the formation of
secondary bubbles. They believed that bubble growth created
a tangential stretching effect on the surface of the nucleating
agent and a ow eld in the surrounding polymer-gas solution,
which reduced the critical nucleation radius and promoted the
nucleation of new bubbles. The phenomenon is well
f PP/b-CD system: (a) MOFIM + 0.15 wt%b-CD, (b) FREEF + 0.15 wt%b-

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06702a


Fig. 5 Secondary bubble morphology under glass fiber as nucleating agent and tracer.

Fig. 6 Secondary bubble morphology under different conditions: (a)
25 °Cmold temperature, (b) 55 °Cmold temperature, (c) det= 0.3 s, (d)
det = 0.5 s, and (e) det = 0.3 s.
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demonstrated in Fig. 4 (red box), wherein the images obtained
by MOFIM show many small secondary bubbles present around
the grown stable bubbles. Many small bubbles with non-
uniform diameters also appeared around the stable bubbles
in the FREEF visualization images. However, according to
Fig. S3(a)–(a′),† the tting degree of theN–t curves are better and
there is no complete deviation under the FREEF condition. At
this time, although there are small bubbles in the system
around the stable bubbles, these bubbles cannot be regarded as
secondary bubbles according to the previous hypothesis. On the
contrary, the tted curves obtained by the MOFIM technology
show deviation from the experimental values from the late stage
of balanced-foaming, and small secondary bubbles appeared in
the foaming system, as shown in Fig. S3(b) and (c).† Therefore,
the addition of nucleating agents is not the main factor leading
to the formation of secondary bubbles.

In addition, Fig. 5 shows the results of visualization at
different times upon using glass bers as a nucleating agent
and tracer. As shown in Fig. 5, there are four types of secondary
bubbles: (1) bubble A appears around the stable bubbles
without glass bers; (2) bubble B appears around the stable
bubbles with glass bers; (3) bubble C appears around the glass
bers; (4) the pressure drop caused by the cooling shrinkage of
the melt induces the appearance of bubble D. Meanwhile, there
is no obvious appearance of secondary bubbles at the position
of glass ber agglomeration (red triangle). Wang et al.33 found
by numerically simulation that the tensile stress caused by
bubble growth is very signicant near the nucleating agent
particles, which is benecial to the growth of bubble nuclei
around the nucleating agent, and this mechanism manifested
in the formation of bubbles A and B. However, the presence of
bubble C indicates that the bubbles far away from the nucle-
ating agent particles can also induce the generation of new
bubbles, which may not be caused by the tensile stress of the
bubbles. Gong et al.34 established a radial response area model
of bubble growth and showed that the growth of bubbles affects
the radial migration and circumferential stretching of the
surrounding resin within a certain range. Liu et al.35 proposed
that in the presence of residual gas in the foaming system, slow
pressure unloading and pressure uctuations in the mold cavity
would generate a gradient of critical nucleation radius, which
induced the generation of secondary bubbles. This mechanism
is reected in the formation of bubble C. Aer the mold
© 2023 The Author(s). Published by the Royal Society of Chemistry
opening is completed, the cooling and shrinkage of the polymer
melt is accompanied by a small pressure drop. Such external
eld changes lead to a lower energy barrier in the region of
higher residual gas density within the resin, which induces
secondary bubbles. This mechanism occurs in the formation of
bubble D. Therefore, here, we further conrmed the formation
mechanism of secondary bubbles through visualization equip-
ment, i.e., the formation of secondary bubbles during foaming
is accompanied by the coupling action of multiple mechanisms.

Combined with the experimental data in Section 4.1, the
appearance of secondary bubbles can be regarded as the inter-
action between the stable bubbles and resin, and the inuence
of temperature and pressure elds in the mold cavity. MOFIM is
a foaming process involving mold opening and pressure
release, polymer melt cooling and shrinking. In contrast, the
foaming process of FREEF is carried out under atmospheric
pressure and constant temperature heating. The biggest
difference between the two methods is the difference in
RSC Adv., 2023, 13, 2746–2755 | 2751
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Fig. 7 Fitting curve of the relationship between bubble number and time under different foaming conditions: (a) 25 °C, (b and b') 55 °C, (c) det =
0.3 s, (d) det = 0.5 s, and (e) det = 0.7 s.

Table 2 Simulation parameters for bubble nucleation of PP at
different mold temperatures under 220 °C injection temperature

Mold temperature Fitted curve DG (kJ) n s b

25 °C — 40.686 4.334 0.782 0
55 °C 1 37.531 2.419 0.84 0.001

2 27.531 1.031 6.351 −0.038
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temperature and pressure in the foaming environment. Hence,
in follow-up experiments with the same mold opening distance,
the effect of temperature variation in the mold cavity on the
secondary bubbles was examined.

4.3 Mathematical model for the nucleation of secondary
bubbles

To achieve controllability of the number of secondary bubbles,
a series of visual MOFIM experiments was carried out. Both
mold temperature and mold open time affect the secondary
bubble nucleation and nal bubble size. The secondary bubble
morphology of the MOFIM experiments is shown in
Fig. 6(a)–(e).

Based on the results in Fig. 6 and 7(a) shows the tted curve
at 25 °C mold temperature. It can be seen that there is only
a small deviation between the experimental values and tted
curve, which indicates that the formation of secondary bubbles
is hindered at low mold temperature. Fig. 7(b) shows the effect
of a higher mold temperature on the tted curve of the
secondary bubbles. It is clear that by increasing the mold
temperature, the tted curve obtained using eqn (3) deviates
aggressively from the experimental values, in which the bubbles
appear in two-stage nucleation. Therefore, eqn (3) is no longer
a good expression of secondary bubble formation when the
number of secondary bubbles is signicantly increased. Eqn (3)
was amended as follows:

N ¼ 10*N1*
exp½n*ðt�sÞ�

1þ exp½n*ðt�sÞ�*exp

�
�DG
RT

�
� B (4)

B = b × N1 (5)

where B is a longitudinal adjustment coefficient, which will
determine the overall up and down translation of the curve. “b”
2752 | RSC Adv., 2023, 13, 2746–2755
is the coefficient adjustment factor. The physical essence is that
the relationship between the number of bubbles and time can
be tted into two curves due to the appearance of secondary
bubbles. Fig. 7(b′) shows the relationship between the experi-
mental values and themodel curves obtained by tting with eqn
(4). It is clear that a distinct “semi-S-shaped” curve and an “S-
shaped” curve appear in the tted curve. The “semi-S-shaped”
curve is the curve of the rst batch of bubble nucleation (tted
curve 1); the “S-shaped curve” is the curve of the secondary
bubble and the third bubble nucleation (tted curve 2). The
existence of tting curve 2 reects that the secondary bubbles
have their own nucleation and growth trends.

The parameters of the bubble nucleation simulation of PP at
different mold temperatures are listed in Table 2. It shows that
increasing the mold temperature is benecial to reducing the
Gibbs free energy DG2 of the secondary bubbles, resulting in an
increasing number of secondary bubbles. A smaller value of “b”
indicates that the number of secondary bubbles increased, as
shown in Fig. 6. The results evidence that the synergistic effect
of mold temperature and pressure drop can well control the
formation of secondary bubbles.

To further demonstrate the validity of the model, the
nucleation curves of bubbles at different mold opening times
were simulated and then compared with the measured data.
The choice of mold opening time will affect the temperature of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Simulation parameters for bubble nucleation of PP at
different mold opening time under 220 °C injection temperature

Det (s) Fitted curve DG (kJ) n s b

0.3 1 38.928 2.613 1.118 0.004
2 37.686 0.913 8.186 −0.028

0.5 1 44.176 3.531 1.27 0
2 43.018 0.982 8.213 −0.015

0.7 1 47.334 1.78 1.858 0
2 50.064 1.328 9.848 −0.009
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the polymer melt in the mold cavity and thus further affect the
nucleation of the bubbles. Fig. 6(c)–(e) show the secondary
bubble morphology for different mold opening times at 55 °C
mold temperature. Based on the results shown in Fig. 6(c)–(e),
the nucleation process of the secondary bubbles was simulated
by using eqn (4), as illustrated in Fig. 7(c)–(e). It can be seen that
the tted curve 1 gradually changes from “semi-S-shaped” to “S-
shaped”, and the tted curve 2 of the secondary bubble nucle-
ation is “S-shaped”. The deviation of a few points in curve 2
indicates that secondary bubbles also induce tertiary bubble
formation.

The parameters of the bubble nucleation simulation of PP at
different mold opening times are listed in Table 3. It can be seen
that DG1 is always smaller than DG2 before the mold opening
time of 0.5 s, which indicates that the DG overcome by the
secondary bubble nucleation is still lower than that of the rst
batch of bubbles at this time. The small and large values of “b”
indicate that the number of secondary bubbles formed is more
and less, which is consistent with the results shown in Fig. 6.
The above experimental results further demonstrate the
reasonableness of the correction to the model formulation.
Fig. 8 The diameter distribution of bubbles at a5, b5, c5 and d5 under di
0.5 s, and (f) det = 0.7 s, and (c) variation curve of mold cavity temperat

© 2023 The Author(s). Published by the Royal Society of Chemistry
4.4 Controllable preparation of bimodal bubbles

In an effort to control the formation of secondary bubbles by
adjusting the foaming process, the mold temperature and mold
opening time were used to regulate the temperature eld of
MOFIM. According to the data analysis in Section 4.3, bimodal
bubbles can be obtained by changing the mode temperature of
MOFIM to control the distribution and quantity of secondary
bubbles. Fig. 8(a), (b), (d)–(f) show the diameter distribution of
bubbles located at a5, b5, c5, d5 and e5 in Fig. 6 under different
mold temperature and mold opening time conditions, respec-
tively. It can be seen from Fig. 8(a) and (b) that the phenomenon
of a multi-peak bubble structure is more obvious with the
increase of mold temperature. The large bubble size distribu-
tion hardly changes and the number of bubbles decreases,
while the small bubble size distribution gradually changes from
a “narrow-less” type to a “wide-more” type. Meanwhile, Fig. 8(b)
shows a three-peaked bubble structure, which is due to the
expansion of the already-nucleated bubbles triggering the
formation of secondary bubbles around them. Subsequently,
the expansion of the secondary bubbles also induces the
formation of tertiary bubbles around them.30 As shown in
Fig. 8(c), the melt in the cavity cools more quickly because of the
lower mold temperature, which also increases bubble nucle-
ation resistance. Furthermore, the pressure drop caused by
shrinkage during cooling is too small to induce the growth of
bubble nuclei.36 In contrast, the cooling rate of the melt in the
mold cavity becomes slower with the increase of mold temper-
ature, which reduces the resistance of bubble nucleation. At this
moment, there is just enough residual gas in the polymer melt,
and the pressure drop caused by the cooling and shrinkage of
the melt is just large enough, which induces the secondary
growth of the bubble nuclei to form the bimodal bubble
fferent foaming conditions: (a) 25 °C, (b) 55 °C, (d) det = 0.3 s, (e) det =
ure.
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structure. Consequently, through the synergistic effect of mold
temperature and pressure drop, a route can be provided for
obtaining bimodal bubble structure foams by injection
foaming.

Additionally, it can be seen in Fig. 8(d)–(f) that the increase
of PP foaming mold opening time makes the phenomenon of
bimodal bubble structure formation not signicant, which is
consistent with Fig. 6. The large bubble size distribution grad-
ually becomes wider, while the size distribution of small
bubbles changes from “narrow-many” to “broad-few” and
“narrow-few”. As a consequence, a delay within a specic time
window prevents the formation of secondary bubbles and
decreases the number of secondary bubbles. If the mold
opening time is long enough, the viscosity of the polymer
system will gradually increase, and bubble nucleation will
becomemore difficult, so a completely non-foaming sample can
be obtained (Fig. S4†).

5 Conclusions

In summary, the nucleation and growth of bubbles were
observed based on open-mold injection foaming and free-
foaming polypropylene foam systems with visualization equip-
ment. The effects of blowing agent, melt temperature, nucle-
ating agent and mold cavity temperature elds on secondary
bubble nucleation were investigated. The results show that the
bubble nucleation model applied as a judgment for the
appearance of secondary bubbles indicates that there are no
secondary bubbles in FREEF, and the secondary bubbles in
MOFIM were generated from the late stage of equilibrium
foaming until the bubble number stabilized. Moreover, the
appearance of secondary bubbles was shown to arise due to
a combination of multiple mechanisms by using glass bers as
a nucleating agent and tracer. Furthermore, the number of
secondary bubbles increased with the increase of mold
temperature and a modied prediction model of secondary
bubbles was accordingly established. At this time, the nucle-
ation curves of the secondary bubbles were tted to an “S type”.
Finally, the synergistic effect of mold temperature and pressure
drop was proposed to obtain a bimodal bubble structure in the
open mold injection foam. This work has enriched our under-
standing of the secondary bubble formation process, and
provides a basis for acquiring structural materials with a more
uniform cell size via process control.
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