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Abstract 

Polyformaldehyde (POM) and Polyamide 66 (PA66) are engineering plastics 

with excellent mechanical properties and thermal stability. Producing microcellular 

injection molded POM and PA66 parts with high dimensional accuracy would be 

beneficial to reduce material cost and product quality. In this research, foamed POM 

and PA66 gear parts were fabricated by using microcellular injection molding with 

supercritical nitrogen as the blowing agent. Compared to conventional injection molded 

parts (parts that foaming is not involved), the foamed POM and PA66 gear parts 

achieved 5% and 10% average weight reduction, respectively. The foamed parts 

displayed a lower shrinkage ratio when compared to the solid counterparts, which was 

attributed to the cell expansion that offset part of the inward shrinkage stress. Moreover, 

POM gear parts with a higher crystallinity degree presented more serious shrinkage 

ratio compared to the PA66 gear parts, which contributed to the denser polymer 

molecular chains arrangement. The shrinkage ratio in both directions of PA66 foamed 

gear parts depended on the injection volume, and the lowest shrinkage ratio of 0.043‰ 

was obtained at the injection volume of 74 mm, when the polymer reached the 

maximum foaming ratio. The findings from this study could provide practical guidance 

for preparing microcellular injection molded products with high dimensional accuracy. 

Keywords: Microcellular injection molding; Shrinkage ratio; Cell morphology; 

Dimensional accuracy 
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1. Introduction 

Thermoplastic engineering plastics are known for their chemical and abrasion 

resistance coupled with outstanding mechanical properties and thermal stability. 

Polymer gears like Polyoxymethylene (POM) and Polyamide 66 (PA66) have been 

widely used in industries such as automobile parts, electronic devices, household 

facilities, and medical instruments[1]. Compared to metallic gears, polymer gears 

possess highly specialized mechanical properties, tribological performance, load 

resistance and ability to reduce noise[2]. The main approaches to process these polymer 

gears include classical cutting processes and injection molding. Injection molding is 

considered one of the most effective means of mass production, which is less costly and 

highly automated[3,4]. However, the exceedingly high processing temperature makes it 

more difficult to produce engineering plastic products than other normal plastics[5,6]. In 

addition, the warpage and shrinkage of injection molded products are common 

challenging issues for manufacturers[7-9].  

Introducing micron-sized cells into injection molded products is a practical 

method to achieve weight reduction and dimensional stability improvement. 

Microcellular plastics were first proposed at MIT in the 1980s by Professor Nam Suh[10]. 

Supercritical fluids (SCF) such as CO2 or N2 were always employed as the physical 

blowing agent (PBA) to produce microcellular structured parts with substantial micron-

sized cells in the core layer. After blending SCF into polymer melt in a barrel, a single-

phase gas/polymer solution was formed under the rotation of the screw[11]. The 

homogeneous solution was then injected into the cavity through the nozzle, which 
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triggered the nucleation and growth of micron-sized cells. This could be attributed to 

the pressure variation and sudden drop in temperature[12]. Compared to conventional 

injection molding techniques, microcellular injection molding possesses more 

advantages, including shorter cooling/cycle times, lower dimensional instability, and 

easy processing conditions. These merits made it a good choice to produce complicated 

and thick-wall injection molded parts[13]. 

Microcellular injection molding is a superior technology to produce various 

foamed plastics with complex shapes in many fields, and has numerous achievements 

in surface quality and dimension accuracy[14,15]. For instance, Guo et al. designed an in-

mold decoration (IMD) method by attaching a PET film to the mold cavity whilst 

integrating the IMD with microcellular injection molding (MIM). Their results showed 

that compared to MIM, the PET film improves the surface quality by flattening the 

bubbles that have not been cooled and turned to the surface[16]. Chen et al. studied a 

variable mold temperature method to improve the surface quality of microcellular 

injection molded parts, finding that using induction heating to increase the mold surface 

temperature from 100 ℃ to 160 ℃ could decrease surface roughness of polycarbonate 

parts from 25 μm to 6.5 μm, and the flow marks were completely removed at a mold 

temperature of 160 ℃[17]. Shyh-Shin[18] et al. investigated the mechanical properties 

and dimensional stability of a microcellular injection molded gear shaft fabricated by 

PA66. Their results showed that dimensional stability was improved by microcellular 

injection molding. Hyun Keun Kim[19] et al. analyzed the fundamental principles and 

characteristics of the microcellular foaming process to minimize warpage in glass fiber 
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reinforced polymer. They found that the shrinkage difference in various directions 

would affect the warpage of microcellular plastics, and the warpage decreased 

significantly compared with the solid parts, especially in the direction perpendicular to 

the flow direction. Zafar et al. employed the ASTM standard rod-shaped parts 

fabricated by glass-fiber-filled and unfilled acetal copolymers, and found that the linear 

and volumetric shrinkage of both types gradually decreased with increasing weight 

reduction[20]. 

Hitherto, literature on improving the dimensional accuracy of injection molded 

products were mainly focused on the process conditions[21-23]. Research on minimizing 

shrinkage and warpage with microcellular injection molding is still insufficient, 

especially, researches on engineering plastics. For example, Kramschuster et al. studied 

the shrinkage and warpage characteristics of a box-shaped PP part using design of 

experiments (DOE), and confirmed that a reduction in the shrinkage and warpage could 

be achieved through the microcellular foaming process[24,25]. Guo et al. investigated the 

effects of processing parameters in microcellular injection molding to obtain 

lightweight plastic products with high dimensional accuracy for automotive industry, 

finding that initial gas concentration and melt temperature are the most significant 

parameters to warpage and shrinkage[26]. Introducing micron-sized cells in the 

production of POM and PA66 gear parts would be beneficial for reducing the part 

density, material cost, and cycle time. It is also a panacea for less shrinkage and lower 

dimensional instability. In the meantime, the detailed underlying mechanism affecting 
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the shrinkage of engineering plastic in microcellular injection molding deserves in-

depth research.  

In this research, a plastic gear with six gates was used to investigate the 

dimensional accuracy improvement of microcellular injection molding technique. The 

most widely used engineering plastics including POM and PA66 were selected as the 

raw materials to process the injection molded gears. The correlation and comparison of 

the microstructure, surface appearance, and shrinkage ratio were studied. The results 

showed that the surface roughness of foamed gear parts was a bit higher than the solid 

ones due to the silver streaks and swirl marks. Moreover, the foaming ratio in the region 

near the gate was more significant than in the region far from the gate. Additionally, 

the foamed gear displayed more precise dimensional accuracy in both flow direction 

and cross direction when compared with their solid counterparts, and the PA66 gears 

showed lower shrinkage ratio than the POM ones. The PA66 foamed gear presented a 

shrinkage reduction of 28% in the flow direction and a 42% reduction in the cross 

direction, which benefited from the expansion forces of micron-sized bubbles offsetting 

the shrinkage stress. Furthermore, the optimized process parameters were obtained by 

employing a suitable injection volume, which could achieve the minimum shrinkage 

ratio of 0.07‰. 

 

2. Experimental Section 

2.1 Materials 
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The POM pellets (M90-44) with glass transition of 162 ℃ and melting point of 

166℃ were purchased from Polyplastics (Japan), and the PA66 pellets (101L) were 

provided by the Chimei, with the glass transition of 181 ℃ and melting point of 198 ℃. 

An injection molding machine (Arburg Allrounder 570S) equipped with a supercritical 

N2 (scN2) supply system (MuCell® Trexel) was applied to prepare porous POM and 

PA66 samples, the amount of N2 injected was precisely controlled by adjusting the 

valve size and the valve open time of the N2 supply system.  

2.2 Microcellular Injection Molding of POM and PA66 

The commercial-grade POM pallets were pre-dried at 80 ℃ for 2 hours in a 

vacuum oven to make sure the residual moisture was below 0.02 %. The optimal 

microcellular injection molding parameters were opted through multiple adjustments to 

process the injection molding gears, including the melting temperature, mold 

temperature, cooling time, and N2 content, which were set as 210 °C, 80 °C, 50 s, and 

0.50 %, respectively. For PA66 injection molding gears, the commercial-grade PA66 

pallets were dried at 80 ℃ for 2 hours in a vacuum oven before pouring into the hopper. 

The optimum processing parameters for PA66 injection molding gears were set as 

280 ℃, 80 ℃, 60 s, and 0.35 % for nozzle temperature, mold temperature, cooling time, 

and N2 content, respectively. Other parameters for operating conditions were also listed 

in Table 1 for the following experiment. 
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Table 1. Operating conditions of the microcellular injection molding process. 

Parameter POM/PA66 Unit 

Nozzle temperature 210/280 ℃ 

Mold temperature 80/80 ℃ 

Cooling time 50/60 s 

N2 content 0.50/0.35 % 

Injection flow rate 8-12/12-15 mm/s 

Injection pressure 220/250 MPa 

Injection volume 85-95/70-90 mm 

 

The actual product picture is illustrated in Figure 1. There were 6 gates on the 

gear shaft, which were inllustrated in the gating system, and the standard accuracy was 

120.60 mm in the cross direction and 20.50 mm in the flow direction. After employing 

the microcellular injection molding process, the foamed POM and PA66 gear parts 

obtained 5% and 10% average weight reduction when compared with their solid 

counterparts, respectively.  

 

Figure 1. The actual product picture of the solid and foamed gears fabricated by POM 

and PA66. 

2.3 Characterization 
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Differential scanning calorimeter (DSC) measurements were performed via a 

DSC 200F3 (NETZSCH) to quantitatively reveal the thermal behavior of the POM and 

PA66 raw materials. Approximately 7.5 mg POM samples were encapsulated in a 

standard aluminum pan and were heated to 230 ℃ at the heating rate of 10 ℃/min in a 

nitrogen atmosphere. After keeping the temperature at 230 ℃ for five minutes to 

remove the previous thermal history, the samples were cooled to ambient temperature 

and heated to 230 ℃ again at the same scanning rate of 10 ℃/min. The testing 

conditions of PA66 samples were the same as POM except for the heating temperature, 

which was heated to 300 ℃. 

Thermogravimetric analysis (TGA) was adopted to reveal the decomposition 

behavior of the POM and PA66 raw materials on a TG 209 F3 (NETZSCH). After being 

dried in a vacuum oven for 2 hours at the temperature of 80 ℃, 3.7 mg POM samples 

and 3.8 mg PA66 samples were loaded followed by gradual heating from 30 ℃ to 410 ℃ 

and 550 ℃ respectively, with a heating rate of 10 ℃/min. The weight loss of the 

samples was recorded.  

The microstructures of the prepared samples were imaged using a fully digital 

LEO GEMINI 1530 scanning electron microscopy (SEM) with an accelerating voltage 

of 15 kV. Prior to SEM imaging, the formed samples were cut into the cross-section 

and longitudinal sections using a band-sawing machine. The sawn-off pieces were 

subsequently fractured in liquid nitrogen to obtain the specimens. All specimens were 

sputtered with a thin film of gold for 120 s.  

http://www.baidu.com/link?url=L9-x7pIrhahcq9sicSHI3HSBF_XCd_pQFIfyTNnS5_c9VeDxE_sJ9UW04QCsW-x3JIQuFt_ThzlIdRDUA-hb5pfoV5tibGciQfjrb_H7PSPU2pjS0AdDy4qbqh55_oSs
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The 3-D profiles of the solid and foamed samples were both scanned through a 

white light interferometer (Atometrics), with a magnification of 20 times. Three 

different sampling locations were opted to calculate the average surface roughness, and 

the 3-D profiles of each gear sample were photographed.  

The tensile and compression test experiments of both solid and foamed samples 

were carried out on a mechanical testing machine (Instron 5967). Tensile specimens 

were positioned between static and movable clamps and stretched at a crosshead speed 

of 50 mm/min till fracture, and compression specimens were compreesed at a crosshead 

speed of 1mm/min till the strain reached 20%. The average data and standard deviations 

were obtained from five repetitive experiments 

3. Results and Discussion 

3.1 Thermal Properties 

The thermal properties of POM and PA66 raw materials would significantly 

affect the processing conditions and shrinkage behavior during the cooling period after 

the products were fabricated. It is essential to guarantee that both gears were prepared 

in the proper situation, and subsequently underwent the same shrinkage process[27]. The 

TGA measurement was used to investigate the decomposition behavior of the raw 

materials since POM and PA66 require harsh processing conditions in injection 

molding. The degradation temperature, degradation time, and char residual of raw 

materials are important for directing the processing conditions. Figure 2 shows the mass 

change of POM and PA66 raw materials by the TGA tests as the temperatures increase. 

As shown in Figure 2 (a), the POM started decomposition at 345.0 ℃, and the POM 
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weight residual decreased to 0 at 422.8 ℃. Regarding PA66, the raw material begins 

decomposing at 385.0 ℃. DTG curves are obtained based on the TG results of POM 

and PA66, the peak point of the DTG curve corresponds to the inflection point from the 

TG curve and the Δm value of the DTG peak indicates the maximum decomposition 

rate. It was found that the maximum Δm value of POM is higher than that of PA66, 

which means that the decomposition trend of PA66 is steeper than that of POM. 

 

Figure 2. TGA weight percent curves of (a) raw POM and (b) raw PA66 material. 

Figure 3 shows the first cooling and second heating cycles of POM and PA66, 

respectively, in the DSC measurement. The cooling traces with exothermic peaks 

revealed that the crystallization temperatures (Tc) of POM and PA66 were 146.3 ℃ and 

136.8 ℃, respectively. In addition, the melting temperatures (Tm) of POM and PA66 

were 165.9 ℃ and 197.8 ℃, respectively, obtained through the endothermic peak on 

heating traces. It was found that the PA66 has a much higher melting temperature and 

degradation temperature than the POM, which makes the processing temperature of 

PA66 material much higher than POM. Accordingly, the cooling time set in the 

preparation of PA66 gears should be longer than that for preparing POM gears, as noted 

in Table 1, which ensured that both gears were completely cooled in the mold cavity.  
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Figure 3. DSC results of pure POM and PA66 raw materials: (a) first cooling curve of 

POM (b) second heating curve of POM (c) first cooling curve of PA66 and (d) second 

heating curve of PA66.  

In addition, the crystallinity of the raw materials was calculated based on the DSC 

curves by using: 
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 (1) 

Where ∆𝐻𝑓 represents the measured enthalpies of melting crystallization during 

the DSC heating scan, and ∆𝐻𝑓
∗  is the melting enthalpy of 100% crystalline raw 

material. As for POM, the referred ∆𝐻𝑓 was 123.5 J/g, and the ∆𝐻𝑓
∗ was 320 J/g, 

which led to the crystallinity (𝑋𝑐) of 38.6 %. Moreover, the ∆𝐻𝑓 and ∆𝐻𝑓
∗ of the 

related PA66 were 29.44 J/g and 195 J/g, calculating the crystallinity (𝑋𝑐) to be 15.1%. 

The final physical performances of the molded parts are sensitive to the crystallinity 

degree[28], especially for the cell morphology and shrinkage ratio affected by the flow-

induced crystallinity mechanism. 
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3.2 Cell Morphology of Microcellular Injection Molded Gears  

The cell morphology of the microcellular injection molded POM and PA66 gears 

with six gates were observed using SEM at the location near the gate and far from the 

gate. As illustrated in Figure 4 (a), there was a distinct porous layer in the middle of the 

cross-section, with numerous bubbles formed in the layer. However, there was no clear 

boundary between the solid skin layers and porous core layer at the location far from 

the gate, as presented in Figure 4 (b), with fewer cells in the core layer. This was 

because the polymer near the gate was injected at the last where a higher temperature 

and lower pressure drop could be maintained. This is conducive to cell growth but has 

an adverse effect on cell nucleation. When the melt was first injected into the cold cavity, 

it would experience a long flow distance and rapid cooling which resulted in a thick 

skin layer[29]. Owing to the high crystallinity degree of POM material, the 

entanglements of the molecular chain ends enhanced the polymer stiffness[30], which 

inhibited the growth of internal bubbles in the core region of POM gears. Compared to 

POM gears, the micron-sized cells formed in the microcellular injection molded PA66 

gears were more abundant, as shown in Figure 4 (c). There was more gas dissolved into 

the polymer[31], which accounted for the weight reduction difference between the 

foamed POM and foamed PA66. Moreover, most cells in PA66 gears had spherical 

shapes except for a proportion of ellipsoidal cells, which were deformed due to the flow 

of the melt during the filling process[26,32]. As the melting polymer traveled a long 

distance to the edge of the PA66 gear, the gas in the melt flow front was escaping 



 

14 

 

rapidly and there was a lack of gas barrier in the skin layer. Therefore, almost no 

bubbles were formed at the location far from the gate (Figure 4 (d)), which was 

consistent with the morphology results shown in Figure 4 (b). 

 

Figure 4. Cell morphology of the microcellular injection molded POM and PA66: (a) 

POM gear near the gate (b) POM gear far from the gate (c) PA66 gear near the gate (d) 

PA66 gear far from the gate. 

For comparison, the cell size and cell density were measured from the SEM images 

of foamed POM and PA66 gear parts to quantitively evaluate the structural difference 

in different locations. As shown in Figure 5(a), the cell diameter in the location near 

the gate is greater than the location far from the gate. For instance, the average cell size 

of foamed POM gear part at the region near the gate was about 44 μm which is larger 

than the cells located far from the gate which was about 35 μm. This was because the 
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region near the gate was injected at the last and a higher temperature and lower pressure 

difference could be maintained, which is favorable for cell growth. On the other hand, 

since the melt mass-flow rates of PA66 and POM are 13 g/10min and 5.2 g/10min, the 

cell density of PA66 was greater than that of POM due to the higher melt strength as 

shown in Figure 5(b).  

 

Figure 5. Statistical cell morphology data at the location near the gate and far from the 

gate of the foamed POM and PA66 gear parts: (a) cell diameter (b) cell density. 

3.3 3D surface profiles 

   The 3D surface profiles of solid and foamed gear samples were characterized using 

a white-light interferometer and the results were illustrated in Figure 6. It was found 

that the solid injection molded samples exhibit smoother surface appearances than the 

foamed parts, with few appearance defects on the surface[33]. However, the surface 

appearance was still not flattened enough with many hollows distributed on the local 

surface, as illustrated in Figure 6(a) and Figure 6(c). Compared to the solid injection 

molded gears, 3D surface profiles of the foamed gears became more complicated[34]. 

Some tiny gas marks and scratches showed up like cloud clusters on the surface of 

microcellular POM and PA66 gear parts, and similar surface performances were shown 
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in Figure 6(b) and Figure 6(d). These results were attributed to the gas escaping from 

the ruptured micron-sized cells, the escaped nitrogen was trapped within the limited 

space at the gear-mold interface, leading to minor swirl marks and silver streaks on the 

surface of the microcellular injection molded gear samples. Meanwhile, the shear force 

between the melting polymer and the mold cavity was reduced with good melt fluidity, 

which significantly improves or even eliminates the appearance defects of the 

microcellular injection molded parts[26]. Since the crystallization temperature and 

crystallization rate of POM are higher than that of PA66, POM would crystallize and 

solidify faster than PA66 when the molten polymer is injected into the mold cavity, 

which leads to a slightly worse surface quality of solid POM than that of solid PA66 

parts (Fig. 6 (c)).  

 

Figure 6. Comparison of 3-D profiles for (a) Solid POM (b) Foamed POM (c) Solid 

PA66 and (d) Foamed PA66. 

To achieve a better comparison, five different locations on solid and foamed gear 

samples of POM and PA66 materials were selected to measure the average surface 
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roughness, and the results were presented in Figure 7. The surface roughness of the 

solid POM gear is 3.3 μm, although the foamed POM gear shows a 24% increase in 

surface roughness compared with the solid POM gear, which reached up to 4.1 μm, it 

still appears smooth and acceptable to the naked eye. When referring to the PA66 

injection molded gears, the average surface roughness of the solid parts is 2.6 μm, while 

the foamed ones exhibit an average surface roughness of 3.2 μm, which is 23% rougher 

than the solid PA66 gear sample. Although the roughness of foamed gears was slightly 

increased, the overall flatness was remarkably improved compared with that of solid 

samples, which is beneficial to improve the application of foamed gears.  

 

Figure 7. Surface roughness of the POM and PA66 samples. 

3.4 Mechanical property 

To compare the mechanical properties of solid/foamed POM and PA66 gear 

plastic parts, the Instron 5967 mechanical testing machine was used to test the tensile 

and compression properties of the gear parts. As shown in Figure 8, when the tensile 

force acts on the gear plastic, the stress and strain initially show a proportional 

relationship. With the further increase of the strain, the growth of the curve slows down. 



 

18 

 

The tensile strength of solid POM gear was 62 MPa, while it decreased to 50 MPa for 

foamed POM. The corresponding tensile modulus also has a small decrease. On the 

other hand, the PA66 gear parts showed good toughness and greater elongation at break 

than POM gear parts. The tensile modulus of solid and foamed PA66 gear plastic parts 

were 2.68 GPa and 1.65 GPa, respectively. When subjected to compression, the trends 

of compressive properties of solid and foamed POM and PA66 gear parts are consistent 

with the tensile properties as shown in Figures 8 (c) and 8 (d). 

 

Figure. 8 Comparison of mechanical properties of POM and PA66 gears under different 

process conditions: (a) tensile stress-strain curves (b) tensile modulus (c) compressive 

stress-strain curves (d) compressive modulus. 

3.5 Shrinkage ratio 

Shrinkage is a common phenomenon in injection molded products as the 

temperature drops, usually, the injection product would shrink to its final state after 

placing in the ambient temperature for 48 hours since the product was taken out from 
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the mold cavity. The shrinkage ratios of solid and foamed gear samples were calculated 

with the following formula:  

 (%) 100%
M P

S
M

−
=   (2) 

Where S represents the calculated shrinkage ratio of the injection gear samples, M 

is the mold dimension, and P indicates the dimension of the injection products after 

cooling for 48 hours. 

The thickness and diameter of the injection molded gears with six gates were 

measured in both flow direction and cross-section perpendicular to the flow direction, 

and five different locations on a gear sample were selected to calculate the average 

shrinkage ratio. As illustrated in Figure 9 (a), the solid POM gear shows 0.31 ‰ 

shrinkage in the flow direction and 0.23 ‰ shrinkage in the cross direction. These 

results indicate that the temperature of the polymer in the melt flow front is much higher 

than the polymer at the edge of the gear after traveling a long distance. As such, the 

shrinkage ratio in the flow direction is larger than that in the cross direction. When 

compared to the foamed POM gear, there is a noticeable decline in the shrinkage ratio 

both in the flow direction and the cross direction. It is worth mentioning that the 

shrinkage ratio in the cross direction decreased from 0.23 ‰ to 0.17 ‰ when they were 

molded using microcellular injection molding. For crystalline polymers, the 

crystallization process would trigger the polymer molecular chains to arrange orderly 

and densely[35,36], which led to the increase of polymer density in the macroscopic 

view[37]. Therefore, the higher the crystallinity degree of the polymer, the greater the 
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density of the polymer itself. Notably, the crystallinity of the polymer is closely related 

to its density[30,38]. 

The higher crystallinity of POM caused the tighter molecular chain arrangement 

than PA66. As the density increase due to the arrangement of polymer molecular chains, 

the overall volume of the polymer will inevitably shrink after injecting specific volume 

of melting polymer. Accordingly, the solid PA66 gear presents 0.18 ‰ shrinkage ratio 

in the flow direction and 0.12 ‰ in the cross direction, which demonstrates that the 

PA66 raw materials possess a lower shrinkage rate than the POM raw materials. 

Meanwhile, the foamed PA66 gear shows a more significant dimensional accuracy 

improvement, with 0.13 ‰ shrinkage ratio in the flow direction and 0.07 ‰ in the cross 

direction, making its accuracy close to the mold cavity dimension. 

 

Figure 9. Shrinkage ratios in the flow direction and the cross direction for (a) POM 

samples and (b) PA66 samples. 

 

The improvement in dimensional accuracy of the microcellular injection molded 

gears was mainly attributed to the special sandwich structure comprised of numerous 

micron-sized cells in the core region. As depicted in Figure 10, there was a clear 
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contraction in the flow direction of the solid gear due to the higher temperature of the 

latest injected melting polymer. The entire gear sample would undergo a contraction 

process as the temperature drops from the cavity temperature to the ambient 

temperature, the long polymer chains tended to rearrange themselves into crystalline 

structures when the solidification began[36], and the slight shrinkage would persist up to 

48 hours after the gears taking out from the mold cavity. During the cooling process, 

the shrinkage stress forced the polymer at the part edge to contract inward. The 

existence of micron-sized cells in the microcellular injection molded foamed parts 

would offset part of the inward shrinkage stress, and restrict the chain movements, 

which provided a barrier against the recrystallization activity during the re-

solidification process[20], thus, reducing the shrinkage degree of the foamed gear parts. 

Therefore, the shrinkage ratios of microcellular injection molded foamed parts should 

be smaller in both flow direction and cross direction. However, the micro-cells 

presented in the foamed parts may also shrink due to the gradual diffusion of gas at a 

critical point. Hence, there might be an optimum void-to-solid ratio that reaches a 

desirable balance between polymer shrinkage and cell expansion.  
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Figure 10. Schematic of the shrinkage ratio decreasing mechanism by a microcellular 

structure with foam bubbles.  

 

According to the above results, PA66 foamed gear parts presented better 

dimensional accuracy compared to POM counterparts due to its lower polymer 

arrangement during cooling. Taking PA66 as an example, the effect of injection volume 

(reflecting the void-to-solid ratio of foamed parts) on the shrinkage ratio was 

investigated. The contractions of the foamed parts in both flow direction and cross 

direction were measured as the injection volume varied in the range of 65 to 85 

millimeters. As illustrated in Figure 11, the shrinkage ratio in the flow direction was 

higher than in the cross direction under all injection volume conditions, and the 

shrinkage ratio in the two directions kept the same tendency. When the injection volume 

was between 74 mm and 85 mm, increasing bubbles substituted for the solid polymer 

as the injection volume decreased, but the quantity of micron-sized cells was limited at 

the very beginning, so the shrinkage ratio showed a slight increase in both directions. 

As the injection volume was reduced to 74 mm, increasing N2 volume provides more 

cell nucleation points, and high-density cells with fine cell structure were formed to 

raise the specific volume of the homogeneous system when compared to the solid 

counterpart. The shrinkage ratio exhibited a marked downward trend due to the rising 

expansion force, which offset the inward shrinkage stress to the greatest extent[20]. It is 

demonstrated that the lowest shrinkage ratio was obtained at the injection volume of 74 

mm, with a shrinkage ratio of 0.043‰ in the flow direction and 0.037‰ in the cross 
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direction. However, the shrinkage ratio changed to an increasing trend when the 

injection volume was lower than 74 mm. Further increase in void-to-solid ratio caused 

the over-expansion of internal bubbles in the plastic part[39,40], which resulted in the 

coalescence and collapse of bubbles due to the diffusion and escaping of gas from the 

cells. When the injection volume was further declined to 65 mm, a short-shot 

phenomenon occurred which resulted in severe gas escaping during the cooling period 

[41,42], thus, significantly affecting the dimension accuracy of the foamed PA66 gears. 

These results proved that there was an optimum point for the foamed PA66 gear parts 

to obtain the lowest shrinkage ratio when the maximum foaming ratio was realized by 

controlling the injection volume. 

 

Figure 11. The shrinkage ratio of foamed PA66 gears in flow direction and cross 

direction under different injection volumes.  

Figure 12 shows the cell morphology of the foamed PA66 gear parts when the 

injection volume was set at 85 mm, 80 mm, 74 mm, 70 mm, and 65 mm. It was found 

that the part has a small cell size at a high injection volume. With the decrease in 

injection volume, the number of cells increased, and the diameter of bubble holes 
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increased. When the injection volume was 74 mm, dense cells were formed in the core 

layer of foamed PA66 gear parts, with a diameter of 48 μm, as shown in Figure 12(c). 

At this time, the cells could provide the maximum expansion effect, and the foamed 

parts also obtained the highest dimensional accuracy. When the injection volume was 

further reduced, excess gas caused cell merge and rupture, leading to a great increase 

of cell diameter. When the injection volume was 65 mm, the cell diameter reached 550 

μm, as illustrated in Figure 12(e). At this time, the gear parts had a short-shot 

phenomenon, resulting in the rise of shrinkage rate. 

 

Fig. 12 Cell morphology of foamed PA66 gear parts under different injection volumes: 

(a) 85 mm (b) 80 mm (c) 74 mm (d) 70 mm (e) 65 mm (f) cell diameter. 

 

4. Conclusion 

Microcellular injection molding of POM and PA66 gear parts with nitrogen as 

the blowing agent was studied to seek high dimensional accuracy. The number of cells 

in foamed POM gear was smaller and the morphology was more irregular than the cells 



 

25 

 

in foamed PA66 gear, which achieved an average weight reduction of 5%, compared 

with a 10% weight reduction of PA66 foamed gear parts. In addition, the solid skin 

layer was much thicker in the region far from the gate than the one near the gate due to 

the high-temperature variation and pressure drop. Although the foamed gear parts 

exhibited a minor rougher surface appearance than the solid counterparts, the overall 

flatness of foamed ones was remarkably improved. In comparison with the solid gear 

parts, the foamed counterparts showed a lower shrinkage ratio in both flow direction 

and cross direction due to the cell expansion, which offset part of the inward shrinkage 

stress, especially in the cross direction. The shrinkage ratio of injection gear parts was 

notably determined by the differences in crystallinity degree of materials, PA66 gear 

parts, indicating a lower shrinkage ratio than the POM counterparts. In addition, the 

lowest shrinkage ratio was obtained at the injection volume of 74 mm, when the 

polymer approached the maximum foaming ratio, with a shrinkage ratio of 0.043‰ in 

the flow direction and 0.037‰ in the cross direction. This study offers essential data 

and contributes to directing microcellular injection molding thick-wall products, and 

gives a further exploration into the effect of the foaming process on improving 

dimensional accuracy. 
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