
1. Introduction

Resource shortage and environmental pollution are

the main problems faced by the development of man-

ufacturing industry [1]. The use of foamed materials

is the main way to achieve lightweight. Polymer

foams, as a kind of commonly used lightweight foamed

materials, have many advantages, such as high poros-

ity and internal specific surface area, outstanding heat

insulation, excellent sound insulation, low dielectric

constant, excellent energy absorption and buffer ca-

pacity. Therefore, polymer foams have broad appli-

cation prospects in sustainable development, energy

saving, and emission reduction.

The commonly used polymer foaming methods in-

clude batch foaming, bead foaming, extrusion foam-

ing, and foam injection molding. The basic process of

these foaming methods can be grouped into four

stages. The first stage is to obtain the gas/polymer ho-

mogeneous system, where batch foaming and bead

foaming generally place the polymer in the autoclave

and fill it with high-pressure gas, while extrusion

foaming and injection foaming generally mix the gas

with the plasticized polymer melt in the screw. The

second stage is to induce cell nucleation, the gas/

polymer homogeneous system is generally depres-

surized or heated to render the system instable and

generate phase separation, inducing cell nucleation.

The third stage is that the gas continues to separate

and diffuse from the gas/polymer homogeneous sys-

tem, causing the nucleated cells to grow. The fourth

stage is that when the system temperature drops to a

certain extent, the polymer melt solidifies, the cells
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cannot continue to grow, and the cell structure is fi-

nally fixed [2]. 

In conventional foam injection molding process, be-

cause the cavity space of the mold is fixed, the space

needed for the cell growth after nucleation is mainly

provided by the polymer cooling contraction or short

shot. However, the volume of the polymer cooling

contraction is small, generally, the contraction of

crystalline polymer is 1.0–3.0% and amorphous poly-

mer is only 0.4–0.8%. It can be seen that the space

obtained by the polymer cooling contraction is very

limited. In addition, although larger space can be ob-

tained by short shot, but due to the low pressure at

the melt flow front, the melt near the flow front tends

to be over foamed, resulting in uneven cell size and

distribution in the plastic parts. These problems limit

the production and application of foam injection

molding to a certain extent.

In the field of foam injection molding, many schol-

ars have carried out a lot of research work on con-

ventional physical foam injection molding [3–6],

core-back physical foam injection molding [7–10]

and gas counter pressure (GCP) foam injection mold-

ing [9–13]. Core-back foam injection molding [14–

25] is to inject gas/polymer homogeneous system into

the mold cavity first, and use high holding pressure

to eliminate the cells generated in the filling process,

then open the mold or withdraw the mold core at a

certain distance to make the melt foam. It can provide

enough space for the growth process after cell nu-

cleation during the foam injection molding process,

so as to obtain plastic parts with higher porosity and

relatively uniform internal cell size and distribution.

Ishikawa and Ohshima [26] used core-back foam in-

jection molding to obtain the plastic parts with a cell

density of about 2.3·1010 cells/cm3, and used visual

mold to study the foaming behavior of core-back

foam injection molding. The results showed that the

foaming process of core-back foam injection mold-

ing is similar to that of batch foaming, and the results

of batch foaming can be used to guide the foaming

process of core-back foam injection molding. Wang

et al. [27] prepared PP/CNF nanocomposite foams

with an ultra-high expansion ratio up to 18 fold using

core-back foam injection molding, and studied the

crystallization behavior of the PP/CNF nanocompos-

ites. The results showed that at this super high foam-

ing rate PP/CNF nanocomposite foams not only con-

tain the traditional shish-kebab crystal of PP, but also

shish-kebab crystals of CNF. Shaayegan et al. [1]

obtained the PS foams with a cell diameter of about

35 μm and cell density of 107 cells/cm3 orders of mag-

nitude by using core-back foam injection molding,

and studied the effect of injection pressure and hold-

ing time on the cell structure before core-back. The

results showed that in order to eliminate the cells

formed in the melt before core-back, pressure hold-

ing is needed, and the holding time increases with

the decrease of injection pressure, but excessive hold-

ing time will cause the cell nucleation again due to

the cooling contraction of the melt, resulting in the

final failure to obtain good foams. Wang et al. [28]

obtained the PLA/graphite nanocomposites foams

with a cell diameter of about 12 μm and cell density

of 1.8·108 cells/cm3 by using core-back foam injec-

tion molding, and studied the electromagnetic shield-

ing and mechanical properties of the composite. The

results showed that the PLA/graphite nanocompos-

ites foamed by core-back foam injection molding

have good electromagnetic shielding properties and

excellent mechanical properties. Wang et al. [29] ob-

tained the PP foams with a cell diameter of about

7 μm and cell density of 1.6·109 cells/cm3 by using

core-back foam injection molding with air as blow-

ing agent. The results showed that cell structure and

melt properties of PP are changed when air is used

as blowing agent, the foaming process was similar

to reactive foaming, resulting in better cell structure.

Core-back foam injection molding usually uses

physical blowing agents such as supercritical CO2

and supercritical N2, which have strong foaming abil-

ity. However, when using this kind of physical blow-

ing agent for foam injection molding, it is necessary

to add a set of expensive supercritical fluid generat-

ing device, and modify the screw and barrel of injec-

tion molding machine, which greatly increases the

cost of equipment [30]. Compared with the physical

blowing agent, the chemical blowing agent for foam

injection molding does not need addition of gas gen-

erating device, nor needs modification of the injec-

tion molding machine, thus significantly reduces the

cost of the equipment. However, in core-back foam

injection molding experiment, the foaming ability of

chemical blowing agent was lower than that of phys-

ical blowing agent. The melt could not be foamed

smoothly when using chemical blowing agent in con-

ventional core-back foam injection molding, and the

plastic parts could not completely fill the cavity after

core-back [31]. This restricts the application of core-

back foam injection molding to a certain extent.
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In the previous studies, a new core-back foam injec-

tion molding method were proposed. This method

firstly injects the polymer melt into the mold cavity

by conventional injection method, and then carries

out core-back immediately, which makes the melt

form a special skin structure with a closed cavity.

Then the new melt is filled again into the internal

cavity of the skin structure by pressure holding and

foam. In this paper, based on this new core-back chem-

ical foam injection molding method, the effects of

blowing agent content [%], mold temperature [°C],

shot size [mm], injection speed [mm/s], holding pres-

sure [MPa], holding pressure time [s] and core-back

rate [mm/s] on the forming process were studied. The

influencing mechanism of the parameters on plastic

parts molding process was revealed. The relationship

between the parameters and mechanical properties

and relationship between the parameters and weight

reduction effect of plastic parts were analyzed. Com-

pared with the conventional foam injection molding

method, the specimens obtained by this new method

have higher weight loss rate, better mechanical prop-

erties, and higher specific strength.

2. Experiment and characterizations

2.1. Experiments design

Figure 1 gives the principle and basic process of melt

filling of the core-back foam injection molding used

in this paper. The whole process includes conventional

injection stage, core-back stage, and the newly added

secondary filling stage. In the conventional injection

stage, the core of the mold is always at the front end.

The melt filling process in this stage is the same as

that of the conventional foam injection molding.

During the core-back process, the melt foams imme-

diately and forms a special ‘skin’ structure with a

cavity under the negative pressure of the mold cavity

wall. Once the core-back is finished, a unique ‘sec-

ondary filling stage’ begins immediately, new melt

is filled into the cavity of this special ‘skin’ structure

in this stage. In addition, the gas in the cavity will

break through and spill at a weak position of the

skin, and is discharged through the exhaust system

of the mold [31].

Syndiotactic polypropylene plastics (BJ550), provid-

ed by Samsung Total, Korea, was used as an exper-

imental injection material, azodicarbonamide (AC)

was used as the chemical blowing agent, a double

shaft blade mixer was used to mix the AC blowing

agent and polypropylene, and a 180 ton pure electric

injection molding machine (J180ADC180H, Japan

Steel Work, Ltd) was used as the injection molding

machine.

In order to study the effects of blowing agent content

[%], mold temperature [°C], shot size [mm], injec-

tion speed [mm/s], holding pressure [MPa], holding

Wu et al. – eXPRESS Polymer Letters Vol.13, No.4 (2019) 390–405

392

Figure 1. Principle and basic process of melt filling of the core-back foam injection molding. Stage I: conventional injection

stage, Stage II: core-back stage, Stage III: secondary filling stage [31]. a) conventional injection, b) end of con-

ventional injection, c) core-back, d) end of core-back, e) secondary filling, f) end of secondary filling.



time [s] and core-back rate [mm/s] on the injection

molding process, different core-back foam injection

molding process parameters were selected, as shown

in Table 1, and the corresponding core-back foam in-

jection molding experiments were carried out. In ad-

dition, the total core-back distance is 3.5 mm.

2.2. Characterizations and testing methods

2.2.1. Cells structure and skin morphology

The notch impact specimens were immersed in liq-

uid nitrogen for 15 minutes, then taken out and bro-

ken at 33 mm from the gate to observe the morphol-

ogy of the skin and cells structure, as shown in Fig -

ure 2a. In addition, the ‘internal short shot’ speci-

mens were prepared by cutting, the cutting position

was shown in Figure 2b. A Hitachi SU-70 thermal

field emission scanning electron microscopy was

used to observe the morphology of the cell structure

and skin, the test voltage range is 5–15 kV, and the

magnification range is 50–100 times. The observation

surfaces of all specimens were sprayed with gold be-

cause polymer materials are insulating materials.

The average cell density was calculated by using the

following Equation (1) proposed by Kumar [32]:

(1)

where Nj is the average cell density [cells/cm3]; nj is

the number of cells observed in SEM photo; M is the

magnification factor of the SEM photo; A is the SEM

photo area of the selected observation area [cm2].

Three specimens were taken at the same location,

and the average cell diameter and cell density ob-

served by SEM were taken as the mean diameter and

average cell density.

2.2.2. Observation of specimen filling rate

The notch impact specimens were cut to observe the

position and shape of the internal flow front inside

the plastic parts. The initial specimen is shown in Fig-

ure 3a. The specimen is cut from the end away from

gate in the opposite direction of melt flow until to

the front part of the internal flow front, as shown in

Figure 3b; and finally a specimen with a complete

profile of the internal flow front is obtained, as shown

in Figure 3c. Measuring the distance from the inter-

nal flow front to the gate, then dividing the measured

N n A
M

j j

2 2
3

= T Y
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Table 1. Processing parameters used for the foam injection

molding experiments.

Parameters Values

AC content                                 [%] 3, 5, 7, 9

Mold temperature                      [°C] 30, 50, 70

Shot size                                     [mm] 56, 58, 60, 62

Injection speed                           [mm/s] 95, 100, 105, 110

First stage holding pressure       [MPa] 0, 1, 3, 5, 7

First stage holding time             [s] 0, 0.5, 1, 1.5, 2, 2.5, 3

Second stage holding pressure   [MPa] 0, 12, 18, 24

Second stage holding time         [s] 0, 0.5, 1

Core-back rate                            [mm/s] 1, 3, 5, 7, 9

Figure 2. Sampling position for SEM: (a) embrittlement sampling position (b) cutting sampling position.

Figure 3. Method for cutting specimens to observe position and shape of internal flow front. a) initial specimen, b) cutting,

c) final specimen.



distance by the total length of the specimen to obtain

the filling rate of the specimen.

2.2.3. Mechanical properties and weight

reduction

A universal electronic test machine (SANS CMT

5105) with an extensometer was used to test the ten-

sile strength of the tensile specimens. An Izod type

cantilever beam impact test machine was used to test

the impact performance of the notched specimens.

At least five specimens were tested in each test con-

dition to avoid accidental errors, and the average val-

ues were used as the results. In addition, the final

values of mechanical properties were divided by the

density of the specimens to obtain the specific strength,

and used for comparison, so as to improve the intu-

ition and accuracy of comparison.

A high precision solid density tester (DX-120X) was

used to measure the density of the specimens, then

according to the following formula, the weight loss

Equation (2):

(2)

where ρ0 is the density of the conventional injection

molding specimens, when i = 1, δ1 and ρ1 represent

the weight loss rate and density of core-back foam in-

jection molding specimens, respectively, when i = 2,

δ2 and ρ2 represent the weight loss rate and density

of foam injection molding specimens, respectively.

3. Results and discussion

According to the processing parameters shown in

Table 1, the core-back foam injection molding ex-

periments were carried out by taking each parameter

as single variable.

3.1. Influence of blowing agent content and

mold temperature

When the blowing agent content is used as the single

variable, the other parameters are fixed, where the

mold temperature is 50 °C, the shot size is 60 mm,

the injection speed is 105 mm/s, the first stage hold-

ing pressure is 5 MPa, the first stage holding time is

3 s, the second stage holding pressure is 18 MPa, the

second stage holding time is 0.5 s, and the core-back

rate is 7 mm/s.

Figure 4 shows the SEM photographs (the location

of the photos taken for SEM is in the middle of the

specimen) of the specimen’s cross section when

blowing agent content is 3, 5, 7 and 9%, and the

photos of the specimens with 7 and 9 % blowing

agent, respectively. It can be seen that when the

blowing agent content is 3, 5 and 7%, the cell den-

sity of the specimen increases significantly in turn.

The calculation shows that when the blowing agent

%1 100i
i

0
$d t

t
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Figure 4. SEM photographs of the specimen’s cross section and photos of the specimens with different blowing agent con-

tents. a) SEM photograph with 3% blowing agent, b) SEM photograph with 5% blowing agent, c) curve of cell

density with different blowing agent content, d) SEM photograph with 7% blowing agent, e) SEM photograph

with 9% blowing agent, f) specimens with 7 and 9% blowing agent.



content is 7%, the cell density of the specimen is

1.8·106 cells/cm3, when the blowing agent content

is 3 and 5%, the cell density of the specimens is

1.2·104 cells/cm3 and 1.9·105 cells/cm3, respec-

tively. However, when the blowing agent content

is 9 %, the cell density of the specimen is only

1.3·106 cells/cm3, which is lower than that of the

blowing agent content of 7%. This is because the

main chemical reaction in the decomposition of

azodicarbonamide is exothermic. When the content

of the blowing agent is 9%, excessive heat is re-

leased from the decomposition of azodicarbonamide,

making the melt strength of PP remains at a low level

for a period of time, and causing the formed cells to

coalesce [33]. It can also be seen from Figure 4 that

the color of the specimen with blowing agent content

of 9% is obviously more yellow than that with blow-

ing agent content of 7%. This is because excessive

exothermic heat inhibits the decomposition of a part

of azodicarbonamide, the undecomposed azodicar-

bonamide is evenly dispersed into the melt in the

barrel. Since the color of azodicarbonamide is yel-

low, the undecomposed azodicarbonamide plays a

similar role to the color master batch, making the ap-

pearance of the specimen yellow.

When the mold temperature is used as the single

variable, the other parameters are fixed, where the

blowing agent content is 7%, the shot size is 60 mm,

the injection speed is 105 mm/s, the first stage hold-

ing pressure is 5 MPa, the first stage holding time is

3 s, the second stage holding pressure is 18 MPa, the

second stage holding time is 0.5 s and the core-back

rate is 7 mm/s.

Figure 5 gives the micrographs and 3D outline of the

specimen surface for the mold temperature of 30, 50,

and 70°C, respectively. It can be seen from the mi-

crographs and the corresponding 3D outline that

when the mold temperature is 30°C, there are obvi-

ous pits on the surface of the specimen. This is be-

cause when the mold temperature is relatively low,

the melt cooling is too fast to completely copy the sur-

face of mold cavity, resulting in more surface defects,

but when the mold temperature is 50 and 70°C, the

pit defects on the specimen surface have disappeared.

In addition, when the mold temperature reaches

50°C, the replication effect of the specimen on the

cavity surface has met the needs of non-high-gloss in-

jection molding. The stripe marks in the micrographs

are due to the melt duplicating the scratches on the

cavity surface or the scratches on the surface of the

plastic parts during storage and transportation.

3.2. Influence of shot size and injection speed

When the shot size is used as the single variable,

the other parameters are fixed, where the blowing

agent content is 7%, the mold temperature is 50 °C,
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Figure 5. Micrographs and 3D outline of specimen surface at different mold temperatures. a) micrograph at mold temperature

of 30 °C, b) micrograph at mold temperature of 50°C, c) micrograph at mold temperature of 70°C, d) 3D outline

at mold temperature of 30°C, e) 3D outline at mold temperature of 50°C, f) 3D outline at mold temperature of 70°C.



the injection speed is 105 mm/s, the first stage hold-

ing pressure is 5 MPa, the first stage holding time is

3 s, the second stage holding pressure is 18 MPa, the

second stage holding time is 0.5 s and the core-back

rate is 7 mm/s.

Figure 6 shows photos of the specimens at different

shot sizes. Figure 6a shows the appearance of the

specimens at shot size of 56, 58, 60 and 62 mm, re-

spectively. It can be seen from the photo that when

the shot size is 56 and 58 mm, respectively, the sur-

face of the specimens are rough and have wrinkles.

In addition, in the case of no holding, specimens with

internal cavity but intact shape can be obtained by

using new core-back foam injection molding. How-

ever, as shown in Figure 6b, the shapes of specimens

with shot size of 56 and 58 mm are incomplete, col-

lapse occurs, and there are holes at the end of the spec-

imens. This is because the strength of the skin of the

cavity formed after core-back is relatively low in the

case of insufficient material, the gas in the cavity

breaks through the skin when the pressure rises to a

certain extent, and generates the holes as shown in

Figure 6b. The gas in the cavity spills from the holes

and is discharged through the mold exhaust system,

which causes the cavity structure to be destroyed,

making the supposed integrity of the shape cannot

continue to remain intact, resulting in collapse. Hold-

ing is carried out when the cavity collapses, although

the newly injected melt can re-prop up the collapsed

part, at this stage the skin has begun to cool and the

folds caused by the collapse are difficult to fully flat-

ten. In addition, some of the newly injected melts

would also spill over from the holes, which results

in the appearance of rough and wrinkled surface of

the specimens as shown in Figure 6a with the shot

sizes of 56 and 58 mm. When the shot sizes are 60

and 62 mm, respectively, the shape of the specimens

are intact, the surfaces are smooth and wrinkle-free,

but from Figure 6c, it can be seen that when the shot

size is 62 mm, the specimen has burrs.

When the injection speed is used as the single vari-

able, the other parameters are fixed, where the blow-

ing agent content is 7%, the mold temperature is

50°C, the shot size is 60 mm, the first stage holding

pressure is 5 MPa, the first stage holding time is 3 s,

the second stage holding pressure is 18 MPa, the sec-

ond stage holding time is 0.5 s and the core-back rate

is 7 mm/s.

Figure 7 shows 3D outlines of specimen surfaces ob-

tained at injection speed of 95, 100, 105 and 110 mm/s,
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Figure 6. Photos of the specimens at different shot sizes, (a) photos of the specimens, (b) under no holding pressure condition,

(c) shot size of 62 mm.

Figure 7. 3D outlines of specimen surfaces at different injection speeds. a) 3D outline at injection speed of 95 mm/s, b) 3D

outline at injection speed of 100 mm/s, c) 3D outline at injection speed of 105 mm/s, d) 3D outline at injection

speed of 110 mm/s.



respectively. It can be seen from 3D outlines that the

surface quality of the specimen increases with the

increase of injection speed. However, it was also

found by experiments that when the injection speed

was 110 mm/s, there was a burr near the gate. This

is because the injection pressure increases as the in-

jection speed increases, and the increase of injection

pressure results in excessive melt pressure near the

gate, causing a burr appearing.

3.3. Influence of holding

3.3.1. Influence of the first stage holding

1) Influence of the first stage holding pressure
When the first stage holding pressure is used as the

single variable, the other parameters are fixed, where

the blowing agent content is 7%, the mold tempera-

ture is 50 °C, the shot size is 60 mm, the injection

speed is 105 mm/s, the first stage holding time is 3 s,

the second stage holding pressure is 0 MPa, the sec-

ond stage holding time is 0 s and the core-back rate

is 7 mm/s.

Figure 8 shows the SEM photographs of the cells

and the internal flow front of the specimens under

first stage holding pressures of 0, 1, 3, 5 and 7 MPa,

respectively. From the SEM photographs of the cells

shown in Figure 8a, it can be seen that the cell radius

of the specimens decreases gradually with the in-

crease of first stage holding pressure. This is because

in the new core-back method adopted in this paper,

the effect of the first stage holding is to inject new

polymer melt into the ‘cavity structure’ formed by

core-back stage. The higher the holding pressure, the

faster the polymer melt is injected into the ‘cavity

structure’, which is the same as increasing injection

speed in conventional injection molding. In this way,

it is beneficial to obtain uniform cell size and larger

foaming rate. In addition, it can be seen from Fig-

ure 8a that when the first stage holding pressure is

not higher than 5 MPa, the cell density of the speci-

men increases with the increasing of the holding

pressure. However, when the first stage holding pres-

sure reaches 7 MPa, the cell density is lower than

that of the specimen at 5 MPa. In order to explain this

phenomenon, the internal short shot specimens with

the holding pressure of 0, 1, 3, 5 and 7 MPa were ob-

tained by adjusting the holding time of the first stage

holding and canceling the second stage holding. At

the same time, photographs of the flow front inside

the specimens and SEM photographs of the internal

flow front surfaces were also taken, as shown in Fig-

ure 8b and 8c. It can be seen from Figure 8b and 8c

that the internal flow front surfaces are relatively

smooth when the holding pressure is lower than

5 MPa, and there is a depression on the surface of

the flow front when the first stage holding pressure

is lower. This is because the new method used in this

paper can spontaneously apply gas counter pressure

(GCP) on the melt flow front during the secondary
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Figure 8. Cells and internal flow front of the specimens under different first stage holding pressures, (a) SEM photographs

of cells, (b) photographs of the internal flow front, (c) SEM photographs of the internal flow front the surfaces.



injection stage. When the injection pressure is low,

the flow front will be depressed by the spontaneous

GCP. When the first stage holding pressure is 5 MPa,

the internal flow front’s surface is smooth and has

no depression, which is similar to the flow front of

the conventional injection foam after applying GCP.

When the first stage holding pressure is not higher

than 5 MPa, the internal flow front’s surface is smooth,

which indicates that there is no gas overflowing due

to the spring effect during the filling process. In this

case, the effect of filling rate determined by the first

stage holding pressure on the cells is similar to that

of the traditional injection foaming. In other words,

with the increase of filling rate, the cell size is more

uniform and the cell density is larger. When the first

stage holding pressure is higher than 5 MPa, the in-

ternal flow front surfaces are very rough. It can be

clearly seen that the rough surfaces are formed by

the spring effect. This is because the filling rate is

too fast when the first stage holding pressure is too

high, and the pressure of the polymer melt flow is

higher than that at the spontaneous GCP, which makes

the spring effect obvious in the filling process. Under

the action of the spring effect, the gas in the melt

overflows, so that the amount of gas that participates

in nucleation is reduced, ultimately leading to a de-

crease in cell density. While the excessive pressure

limits the growth of cells, it also limits the nucleation

to some extent.

2) Influence of the first stage holding time
When the first stage holding time is used as the sin-

gle variable, the other parameters are fixed, where the

blowing agent content is 7%, the mold temperature

is 50°C, the shot size is 60 mm, the injection speed

is 105 mm/s, the first stage holding pressure is 5 MPa,

the second stage holding pressure is 0 MPa, the sec-

ond stage holding time is 0 s and the core-back rate

is 7 mm/s.

In order to determine the effect of the first stage hold-

ing time on the melt filling process, it is necessary to

obtain the internal short shot specimens. Therefore,

in this group of experiments, the second stage hold-

ing was cancelled. Figure 9 shows the filling behav-

ior of the specimens under the first stage holding

time of 0, 0.5, 1, 1.5, 2, 2.5 and 3 s, respectively. Fig-

ure 9a shows the photograph of the internal filling

situation of specimens at different holding time. It

can be measured from the photograph that the filling

rates of the specimens were 27, 61, 70, 77, 86, 94 and

100% for the holding time of 0, 0.5, 1, 1.5, 2, 2.5 and

3 s, respectively. It is obvious that the filling rate in-

creases with the increase of the first stage holding

time. When the first stage holding time reaches 3 s,

the specimen has been filled completely. From the

relationship curve of the filling rate and the holding

time as shown in Figure 9b, it can be seen more clear-

ly that the filling rate increases with the holding time.

In addition, it can also be found from Figure 9a that

the filling rate is not 0% for the holding time of 0 s.

This is because in the process of injection molding,

the pressure and material portion of the specimen

near the gate is higher than that away from the gate.

Even if no holding is maintained, the polymer melt

near the gate will still foam, expand, and fill the cav-

ity to a certain extent. This results in the fact that the

filling rate of specimen is not 0% under non holding

condition.
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Figure 9. Filling conditions of specimens with different first stage holding times, (a) photograph of the internal filling situ-

ation of the specimens, (b) the relationship curve of the filling rate and the holding time.



3.3.2. Influence of the second stage holding

1) Influence of the second stage holding pressure
When the second stage holding pressure is used as

the single variable, the other parameters are fixed,

where the blowing agent content is 7%, the mold tem-

perature is 50 °C, the shot size is 60 mm, the injec-

tion speed is 105 mm/s, the first stage holding pres-

sure is 5 MPa, the first stage holding time is 3 s, the

second stage holding time is 0.5 s and the core-back

rate is 7 mm/s.

Figure 10 shows the SEM photos of the internal cells

of the specimens under the second stage holding pres-

sures of 0, 18 and 24 MPa, and the photos of the gate

tip of the specimens under the second stage holding

pressures of 12 and 18 MPa, respectively. From Fig-

ure 10a–10c, it can be seen that when the second

stage holding pressure is 0 MPa, the cell size in the

specimen is larger and the cell density is lower. This

is because although there is enough space for foam-

ing, the foaming capacity of the chemical blowing

agent is insufficient and the gas content is low. Under

the action of surface tension, the gas in smaller cells

will diffuse into larger ones, resulting in the over-

growth of larger cells and the disappearance of small-

er ones. When the second stage holding pressure

reaches 24 MPa, due to the excessive high pressure,

the foaming capacity of the chemical blowing agent

is insufficient and the gas content is low too, the

smaller cells also disappear. At the same time, it can

be seen from the photos that the larger cells undergo

a certain degree of deformation under high pressure,

which is not as smooth as that of cells in the speci-

men under the second stage holding pressure of

18 MPa. Figure 10d gives the photo of the gate lo-

cation of the specimens with the second stage hold-

ing pressure of 12 and 18 MPa, respectively, it can be

seen from the photograph that when the second stage

holding pressure is 12 MPa, the specimen’s gate ap-

pears obvious sink mark. This is because the skin

formed during the core-back stage has cooled and

has a certain of intensity at the holding stage, when

the second stage holding pressure is insufficient, it

is difficult to compensate for the sink mark.

2) Influence of the second stage holding time
When the second stage holding time is used as the

single variable, the other parameters are fixed, where

the blowing agent content is 7%, the mold tempera-

ture is 50 °C, the shot size is 60 mm, the injection

speed is 105 mm/s, the first stage holding pressure

is 5 MPa, the first stage holding time is 3 s, the sec-

ond stage holding pressure is 18 MPa and the core-

back rate is 7 mm/s.

Figure 11 gives the SEM photographs of the internal

cells in the specimens when the second stage holding

time is 0, 0.5 and 1 s, respectively, where the SEM

photograph for the second stage holding time of 0 s

and the stage holding pressure of 0 MPa are the

same. This is because the holding pressure of 0 MPa

or the holding time of 0 s is equivalent to no second

stage holding, that is, the holding pressure of 0 MPa

and the holding time of 0 s have the same function.

When the second stage holding time is 1 s, due to the

foaming ability of the chemical blowing agent is in-

sufficient and the gas content is low, the smaller cells

disappear under the long holding time. At the same

time, it is also found that, similar to increasing the

second stage holding pressure, prolonging the sec-

ond stage holding time will also cause larger cells

generate deformation to a certain degree.

3.4. Influence of core-back rate

When the core-back rate is used as the single vari-

able, the other parameters are fixed, where the blow-

ing agent content is 7%, the mold temperature is

50°C, the shot size is 60 mm, the injection speed is

105 mm/s, the first stage holding pressure is 5 MPa,

the first stage holding time is 3 s, the second stage
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Figure 10. SEM photos of the internal cells under different second stage holding pressures, (a–c) SEM photos of internal

cells, (d) photo of the gate location of the specimens for the second stage holding pressure of 12 and 18 MPa.



holding pressure is 18 MPa and the second stage

holding time is 0.5 s.

Figure 12 shows the appearance and internal struc-

ture of the specimens when core-back rate is 1 mm/s,

3, 5, 7 and 9 mm/s, respectively. It can be seen from

Figure 12a and 12b that, with the increase of core-

back rate, the appearance of the specimens are grad-

ually intact. When the core-back rate is less than

7 mm/s, the shape of the mold cavity cannot be com-

pletely replicated. In addition, Figure 12d–12h shows

the SEM photos of the specimens’ internal structure

near the flow end under different core-back rates. It

can be seen from Figure 12d–12f that, when the core-

back rate is 1 mm/s, there are hardly any cells in the

specimens. When the core-back rate is less than

7 mm/s, there is no unique skin region, as shown in

Figure 12g and 12h. The unique skin region is only

obtained by using the new method used in this ex-

periment. This is because the specimen initial thick-

ness is small (only 1.8 mm), and its cooling rate is rel-

atively high. When the core-back rate is too low, the

skin of the cavity structure is cooled down and so-

lidified before the end of core-back and could not be

completely formed at all. At this moment, the melt

cavity can no longer be enlarged by the action force

produced by core-back and foaming of polymer,

which makes the skin of the cavity structure unable

to closely fit the surface of the mold cavity, so that

the shape of the mold cavity cannot be completely

replicated. In addition, the new melt cannot be filled

in the incompletely formed cavity structure, which

leads to the unique skin region unable to form. When

the core-back rate is 7 mm/s, the skin of the cavity

structure is not completely cooled before the end of

core-back. The cavity can be expanded to fully ad-

here to the inner surface of the mold cavity by the

force produced by the force produced by core-back

and foaming of polymer, and the specimens with

complete replica mold cavity shape can be obtained.

Therefore, when the cooling rate of polymer melt is

constant, the appropriate increase of the core-back

rate can make the parts copy the shape of mold cavity
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Figure 11. SEM photographs of the internal cells with different second stage holding time. a) 0 s, b) 0.5 s, c) 1 s.

Figure 12. Appearance and internal structure of the specimens under different core-back rates. (a–b) specimens under dif-

ferent core-back rates, c) specimens under core-back rate of 7 and 9 mm/s, (d–h) SEM photos of the specimens’

internal structure near the flow end under different core-back rates.



better. However, it can be seen from the comparison

of the specimen details at core-back rates of 7 and

9 mm/s given in Figure 12c and the internal structure

of the specimen at core-back rates of 9 mm/s given

in Figure 12h, respectively, that when the core-back

rate reaches 9 mm/s, the specimen’s skin ruptures

and the polymer melt overflows from the cavity,

which is similar to the appearance of the specimen

when the injection volume is too low shown in Fig-

ure 6. However, it is different from the cortical rup-

ture caused by low injection volume. The cortical

rupture occurring here is because the temperature of

polymer melt is still higher during the core-back

process when the core-back rate is too fast, causing

the strength of skin structure of the cavity to be in-

sufficient for a certain period of time. This relatively

weak skin may rupture under the pulling force of

core-back and polymer foaming, and during the next

stage of holding, some of the newly injected polymer

melt will overflow through the damaged skin.

3.5. Mechanical properties and weight

reduction

Based on the above results, when the blowing agent

content is 7%, the mold temperature is 50 °C, the

shot size is 60 mm, the injection speed is 105 mm/s,

the first stage holding pressure is 5 MPa, the first

stage holding time is 3 s, the second stage holding

pressure is 18 MPa, the second stage holding time is

0.5 s and the core-back rate is 7 mm/s, the foamed

plastic parts with 100% filling ratio and different den-

sity can be obtained only by changing the second

stage holding time. In addition, because the effect

when the second stage holding time is 0 s is the same

as that when the second stage holding pressure is

0 MPa, they are both equivalent to no second stage

holding. In this case, the gate of the specimens will

collapse, and the specimens cannot duplicate the

shape of the mold cavity completely. Therefore, the

second stage holding time is selected to be 0.1, 0.3,

0.5, 0.7 and 1 s.

When the second stage holding time is 0.1 s, the den-

sity of the foamed plastics is 0.49 g/cm3, and the

weight loss rate is 46%. The tensile strength, elastic

modulus, and notch impact strength are 9 MPa,

833 MPa, and 58 J/m respectively. The specific ten-

sile strength, specific elastic modulus, and specific

notch impact strength are 0.018 Nm/kg, 1.7 Nm/kg

and 0.12 Jm2/kg, respectively.

When the second stage holding time is 0.3 s, the den-

sity of the foamed plastics is 0.56 g/cm3, and the

weight loss rate is 38%. The tensile strength, elastic

modulus, and notch impact strength are 13.4 MPa,

1090 MPa and 81 J/m, respectively. The specific ten-

sile strength, specific elastic modulus, and specific

notch impact strength are 0.024 Nm/kg, 1.9 Nm/kg

and 0.14 Jm2/kg, respectively.

When the second stage holding time is 0.5 s, the den-

sity of the foamed plastics is 0.64 g/cm3, and the

weight loss rate is 29%. The tensile strength, elastic

modulus, and notch impact strength are 16.7 MPa,

1302 MPa and 98 J/m respectively. The specific ten-

sile strength, specific elastic modulus, and specific

notch impact strength are 0.026 Nm/kg, 2.0 Nm/kg

and 0.15 Jm2/kg, respectively.

When the second stage holding time is 0.7 s, the den-

sity of the foamed plastics is 0.7 g/cm3, and the weight

loss rate is 22%. The tensile strength, elastic modulus,

and notch impact strength are 16.9 MPa, 1331 MPa

and 100 J/m respectively. The specific tensile strength,

specific elastic modulus, and specific notch impact

strength are 0.024 Nm/kg, 1.9 Nm/kg and 0.14 Jm2/kg,

respectively.

When the second stage holding time is 1 s, the den-

sity of the foamed plastics is 0.76 g/cm3, and the

weight loss rate is 16%. The tensile strength, elastic

modulus, and notch impact strength are 17 MPa,

1366 MPa and 101 J/m respectively. The specific ten-

sile strength, specific elastic modulus, and specific

notch impact strength are 0.022 Nm/kg, 1.8 Nm/kg

and 0.13 Jm2/kg, respectively.

Figure 13 shows the specific strength and weight re-

duction curves of specimens for the second stage

holding time of 0.1, 0.3, 0.5, 0.7 and 1 s, respective-

ly. It can be seen that the specific tensile strength,

specific elastic modulus, and specific notch impact

strength increase firstly and then decrease with the

increase of holding time. When the second stage hold-

ing time is 0.5 s, the specific strength of the specimens

reaches the highest. However, the weight loss rate

decreases with the increase of the second stage hold-

ing time. This is because with the increase of the sec-

ond stage holding time, some cells become smaller or

even disappear under the holding pressure, which

makes more melt injected into the cavity structure, and

ultimately increases the density of the specimens. In

addition, the weight loss rate of the specimens foamed

by the conventional chemical injection molding was
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only 11%, the tensile strength was 14 MPa, the

elastic modulus was 1140 MPa, the notch impact

strength was 79 J/m, the specific tensile strength was

0.018 Nm/kg, the specific elastic modulus was

1.4 Nm/kg, and the specific notch impact strength

with was 0.10 Jm2/kg. Compared with the conven-

tional injection foamed specimens, the maximum

weight loss rate of the specimens obtained by the

new method increased by 318%, the maximum ten-

sile strength increased by 21%, the maximum elastic

modulus increased by 20%, the maximum notch im-

pact strength increased by 28%, the maximum spe-

cific tensile strength increased by 44%, the maxi-

mum specific elastic modulus increased by 43%, and

the maximum specific notch impact strength in-

creased by 50%, respectively.

4. Conclusions

In this paper, the experiments on the new core-back

chemical foam injection molding method previously

proposed were carried out by taking blowing agent

content [%], mold temperature [°C], shot size [mm],

injection speed [mm/s], holding pressure [MPa],

holding pressure time [s] and core-back rate [mm/s]

as single variables. The influence of the above pa-

rameters on the process was studied in detail and

their influencing mechanisms were revealed deeply.

The relationships of the parameters with the mechan-

ical properties and the weight reduction effect of the

specimens were obtained. The following main con-

clusions were drawn.

(1) The optimum AC blowing agent content is 7%.

When the blowing agent content is too low, low

blowing agent contention will result in insuffi-

cient foaming power and poor foaming effect.

When the blowing agent content is too high, the

exothermic reaction produced by decomposition

of excessive AC blowing agent will reduce the

strength of polymer melt and destroy the formed

cell structure. In addition, excessive heat also in-

hibits the decomposition of AC blowing agent,

which results in some of the blowing agents

cannot be completely decomposed. The undis-

solved blowing agents are dispersed in the plas-

tic matrix, resulting in a yellowing appearance

of the plastic parts. Mold temperature affects the
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Figure 13. Specific strength and weight reduction curves of specimens under different second stage holding time, (a) curve

of specific tensile strength, (b) curve of specific elastic modulus, (c) curve of specific notch impact strength,

(d) curve of weight loss rate.



surface quality of plastic parts. With the increase

of mold temperature, the ability of polymer melt

to copy the mold cavity surface is gradually en-

hanced, and the surface quality of plastic parts is

gradually improved. However, too high mold

temperature can also cause plastic parts to pro-

duce burrs.

(2) The main function of shot size is to control the

strength of the skin, which is unique to the new

method. When the shot size is too low, the low

shot size will reduce the strength of the skin,

causing the skin to rupture in the next filling

stage and ultimately affect the appearance of the

plastic parts. However, when the shot size is too

high, it will cause plastic parts to produce burrs

because there are too many melts injected into

the mold cavity at the initial stage. The main func-

tion of injection speed is to affect the surface

quality of plastic parts. With the increase of in-

jection speed, the surface quality of plastic parts

is gradually improved. However, the excessive

injection speed will cause excessive pressure at

the gate and result in burr. The shot size and in-

jection speed are the important parameters of the

first stage of the new method, because this stage

is the same as conventional foam injection mold-

ing, the effects of shot size and injection speed

are the same as those of conventional injection

molding.

(3) The holding stage of the new method is divided

into two stages: the first stage holding and sec-

ond stage holding. The first stage holding affects

the polymer melt filling cavity structure and the

cell structure in the specimens. In the second fill-

ing stage peculiar to the new method, the effect

of the first stage holding is similar to shot size

and injection speed of conventional injection

molding. The first stage holding pressure deter-

mines the filling speed and the first stage hold-

ing time determines the filling rate of the sec-

ondary filling stage. The second stage holding

determines the size and quantity of the cells fi-

nally, and compensates the shrinkage of plastic

parts. In the secondary filling stage peculiar to the

new method, the effect of the second holding is

similar to the holding process of the convention-

al injection molding.

(4) The main function of core-back rate is to control

the cortical shape of the cavity structure peculiar

to the new method. When the core-back rate is

too low, due to the cooling of the melt, the skin

structure of the cavity is cooled down and fixed

before the end of core-back, which makes it dif-

ficult for plastic parts to replicate the shape of

the mold cavity. However, when the core-back

rate is too high, the melt cannot obtain enough

cooling time. Thus, in the whole core-back

process, the temperature of the melt is too high

and the strength is insufficient, leading to the

rupture of the cavity structure.

(5) The lowest weight loss rate of plastic parts ob-

tained by the new core-back method is 16%, and

the highest is 46%. Compared with the conven-

tional foam injection molding method, the new

core-back method can produce the specimens

with higher weight loss rate, better mechanical

properties, and higher specific strength.
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