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Abstract
The 2A50 aluminum alloy micro inner gear rings were fabricated using a rheological extrusion process. Metal flowing and 
microstructure characteristics of the micro inner gear rings in rheological extrusion were investigated by finite element 
simulation and experiments, respectively. The microstructures of the tooth, bottom land, and non-dentiform region were 
considered as representative sections of the inner gear ring. Results reveal that during the rheological extrusion process, the 
metal exhibited a continuous flow from the periphery toward the center of the billet along the radial direction, meticulously 
filling the tooth spaces of the mandrel. Concurrently, a gradual decline in flow velocity was observed. The grains in the 
teeth and bottom lands were fine and elongated along the flowing lines, whereas those in the non-dentiform region were 
similar to the semi-solid slurry with nearly equiaxed grains. The microstructure of the micro inner gear rings predominantly 
consisted of recrystallized grains and substructures. In non-dentiform regions, the proportion of recrystallized grains was 
remarkably higher than that of the substructure. The average grain size of the microstructure of the inner gear ring ranged 
between 14.04 and 20.05 μm. The grain size in the tooth was sensitive to the extruded temperature and showed an incre-
ment of approximately 36.3% when the temperature increased from 575 °C to 590 °C. This phenomenon suggests that low 
temperature in the semi-solid range was advantageous for the microstructure and mechanical performance of the inner gear 
ring. No pronounced texture was detected in the micro inner gear rings, and the peak intensity (4.81) in the pole figures was 
found in the bottom land at the extruded temperature of 590 °C, suggesting a relatively weak {112} < 126 > texture. This 
process recommends a propitious technique for the fabrication of components with microfeatures.

Keywords Micro inner gear ring · Rheological extrusion · Microstructure · Recrystallization · Texture

1 Introduction

Metal micro inner gear rings are crucial elements in the micro 
gear transmission system, functioning through engagement 
with micro gears to initiate the rotation or translation of specific 
components. These metal micro inner gear rings are widely 
applied in some compact precision structures, such as cam-
eras, medical devices, and micro-robotics [1–3]. Traditional 
fabrication methods for these micro gear parts include powder 
injection [2], wire-cut electrical discharge machining [4], and 
laser processing [5, 6]. However, these techniques often face 
challenges like internal porosity, inefficiency in production, 
high costs, and limitations on billet thickness. Consequently, 
plastic forming methods have gained prominence due to their 
superior mechanical properties and good economy. Yang et al. 
[7] proposed a warm mold continuous casting process to cre-
ate QAl9–4 aluminum bronze spur gear with excellent surface 
quality. They further investigated the influence of α grains and 
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precipitates on the mechanical properties of the gear. Yan et al. 
[8] employed hot extrusion to produce Ti-6Al-4V titanium alloy 
micro gears, focusing on the impact of holding time on both the 
extrusion force and the billet’s microstructure before extrusion. 
Hu et al. [9] innovated a micro blanking device for fabricating 
H62 brass alloy micro internal gears and simulated the blanking 
process of internal gears with DEFORM. Unfortunately, these 
studies did not delve into the microstructure characteristics of 
the formed gears. Rohrmoser et al. [10] introduced a multipass 
cold forming process that combines extrusion and shear cutting 
for copper alloy miniature gears, but the dies suffered from high 
forming force. Jiang et al. [11] manufactured copper alloy min-
iature cup-shaped internal gears through a cold extrusion pro-
cess and analyzed the influence of annealing temperature on the 
grain size. They discovered that the cold extrusion minimally 
influences grain refinement, with large initial grains leading to 
poor filling of the tooth profile.

Micro inner gear rings are cylinder components charac-
terized by intricate microfeatures on their inner wall. These 
microfeatures significantly influence the forming process and 
mechanical properties of the components, thereby determining 
their application range and service life. Shear deformation can 
be enhanced in these microfeatures during the forming process 
through the strategic design of dies, subsequently leading to 
reliable forming quality and superior mechanical properties in 
the final product. Yan et al. [12] proposed a novel extrusion 
process involving slots at the punch bottom to generate micro-
features that increase shear deformation, thus improving the 
material flow from the punch bottom toward the cylinder wall. 
They analyzed the influence of shear grooves on the microstruc-
ture of the ZK60 cylinder part and discovered that dynamic 
recrystallization was the primary grain refinement mecha-
nism, resulting in improved mechanical properties. Similarly, 
Che et al. [13] observed that additional grooves facilitated the 
metal flow from the punch bottom to the tubular wall, refining 
grains, weakening the strength of the texture produced during 
the extrusion process, and increasing the micro-hardness of the 
AZ80 tubular parts. Zhang et al. [14] explored metal filling 
in the tooth during the rolling process of thread shafts. They 
found that the grains at the outer edge of the tooth were elon-
gated and refined, and the grain size at the top of the tooth was 
slightly larger compared to the bottom. Zeng et al. [15] prepared 
Ti-6Al-4V micro gears through the electrically assisted extru-
sion process and analyzed the effect of holding time on forming 
quality and microstructure. They observed severe plastic defor-
mation and grain refinement at the gear tips. Gao et al. [16] 
conducted numerical and experimental investigations on the 
roll-forming process to produce micro-grooves on Cu plates, 

observing fiber streamlines as metal flowed to the riblet peak. 
They concluded that multipass roll-forming was superior to a 
single-pass approach in shaping micro-grooves. Liu et al. [17] 
reported that low extrusion speed yielded excellent geometry 
and surface quality in the micro-grooves of the miniature heat 
pipe during the micro-extrusion process, although ultra-large 
extrusion ratios resulted in coarser grains in these regions, with 
high extrusion speed inhibiting grain refinement. Wang et al. 
[18] executed the micro punch process to fabricating Cu/Ni 
clad foils and recognized that refined grains at lower annealing 
temperatures caused less thinning of the Cu foil in the micro-
channel. Conversely, coarse grains at higher annealing tempera-
tures led to necking and surface waviness of the foil, which 
was detrimental to the microchannel. Su et al. [19] analyzed 
the filling quality, surface quality, and microstructure evolution 
of the micro ribs during the micro-embossing process of pure 
aluminum with coarse and ultrafine grains.

In summary, exploring the deformation mechanism and 
detailed microstructure of these microfeatures has a guiding 
significance for the reasonable choice of processing param-
eters and the improvement of the mechanical performance 
of the products. These components with microfeatures are 
similar to micro inner gear rings. The rheological extrusion 
emerges as a novel approach for the production of such micro-
scale components. However, the literatures on rheological 
extrusion pertaining to micro components with microfeatures 
are relatively scarce. In this study, an innovative rheological 
extrusion forming process integrating shear deformation was 
introduced for fabricating 2A50 aluminum alloy micro inner 
gear rings. The metal flow behavior throughout the extrusion 
process was analyzed by finite element (FE) simulation. A 
comprehensive microstructural analysis of the tooth, bot-
tom land, and non-dentiform region of the inner gear rings 
was conducted. Moreover, the impact of temperature on the 
microstructure of these regions was explored. The goal of this 
work is to offer a fresh perspective on the forming processes 
applicable to components with fine microfeatures, potentially 
refining the manufacturing techniques in industries requiring 
high precision, such as aerospace and biomedical engineering.

2  Numerical simulation and experiment 
methods

2.1  Materials properties

A 2A50 aluminum alloy was used in this work; its basic 
compositions and physical properties are shown in Table 1 

Table 1  Chemical composition 
of the 2A50 aluminum alloy 
in wt%

Element Si Fe Cu Mn Mg Ni Zn Ti Al

wt% 1.15 0.23 2.14 0.59 0.73 0.02 0.02 0.10 Bal
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and 2, respectively. According to the previous work [20], the 
solidus and liquidus temperatures of the 2A50 aluminum 
alloy tested by DSC curves are 525.8 °C and 612.9 °C, 
respectively.

2.2  Numerical simulation

DEFORM-3D software was applied to simulate the rheo-
logical extrusion process of the 2A50 aluminum alloy micro 
inner gear ring to explore the flowing and filling of the mate-
rial. The main dimensions of the micro inner gear ring are 
displayed in Fig. 1a, with a module of 0.15, a teeth number 
of 48, an addendum height of 0.12 mm, a dedendum height 
of 0.25 mm, and an outer ring diameter of 9.5 mm. The FE 
model shown in Fig. 1b mainly consists of upper wedge, 
lower wedge, billet, mandrel, die bracket, and lower bolster. 
All dies were defined as rigid bodies except for the billet.

In the pre-processing of the FE simulation, the true 
stress–strain curves obtained from the previous work [20] 
were imported into DEFORM-3D as the material curves, 
as shown in Fig. 2. The main setting parameters in the FE 

Table 2  Basic parameters of the 2A50 aluminum alloy

Young’s modulus 
(GPa)

Poisson’ ratio Density (g·cm−3) Coefficient of 
thermal expansion 
 (K−1)

Thermal conductiv-
ity (W·m−1·K−1)

Heat capacity 
(J·g−1·k−1)

Emissivity coefficient

70 0.3 2.81 22 ×  10–6 185 8.75 0.7

Fig. 1  (a) Main dimensions of 
the micro inner gear ring; (b) 
FE model of the rheological 
extrusion

Fig. 2  True stress–strain curves of the 2A50 aluminum alloy under different strain rates: (a) 0.01  s−1, (b) 0.1  s−1, and (c) 0.5 s.−1

Table 3  Basic setting parameters of the FE model

Basic parameter Value and unit

Billet temperature 575 °C
Dies temperature 575 °C
The speed of the three lower 

wedges
0.087 mm/s (other dies were fixed)

Friction coefficient [21, 22] 0.3
Heat transfer coefficient 5 N/(s·mm·°C)
Element number of the billet 145,166 (including a refined mesh 

window with a size of 0.035mm)
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model are shown in Table 3. The movements of the dies 
were simplified to efficiently simulate the extrusion process, 
where the lower wedge was moved radially toward the center 
of the billet with a velocity of 0.087 mm/s, and other dies 
were fixed. The model with 1/8 height and 1/3 circumferen-
tial section was used for analysis (Fig. 1b) to save calculation 
time. The symmetry conditions were set at the circumferen-
tial cutting planes because the original billet was a hollow 
cylinder.

2.3  Experiment procedure

2.3.1  Rheological extrusion process

The rheological extrusion process employed to fabricate the 
2A50 aluminum alloy micro inner gear ring is depicted in 
Fig. 3. The billets with an outer diameter of 10.4 mm, an 
inner diameter of 7.7 mm, and a height of 8.5 mm were cut 
from the radially forged bar. The radial forging process aims 
to achieve substantial plastic deformation before the billet is 
subjected to isothermal treatment, facilitating the prepara-
tion of semi-solid slurries characterized by nearly spherical 
grains. After heating the dies and the billet for a certain 
period of time, these nearly spherical grains will emerge in 

the billet, which is then subjected to rheological extrusion 
under the action of the dies.

In this work, the rheological extrusion experiments were 
performed on an Instron-5982 material testing machine 
with a die assembly illustrated in Fig. 4, where the induc-
tion heating coil is a supplementary accessory. The dies were 
assembled with screws, and then the billet, upper and lower 
wedges were placed into the assembly, as demonstrated in 
Fig. 3. The compression plate of Instron-5982 was securely 
in contact with the upper wedge before extrusion. The dies 
and billet were heated by the induction heating coil. When 
the dies and the billet were held at 575 °C for 3 min, the bil-
let was expected to achieve a semi-solid microstructure with 
near-spherical grains, followed by rheological extrusion with 
the upper wedge moving down at a velocity of 1 mm/s under 
the driving of compression plate. When the extrusion was 
completed, the dies were rapidly cooled down with a high-
powered blower, and the inner gear ring was removed from 
the dies once cooling to 200 °C. To study the microstructure 
of the micro inner gear ring extruded at different extrusion 
temperatures (T), the dies and the billet were held at 590 
°C for 3 min, and then, the rheological extrusion experi-
ment was performed again in the same step. The rheological 
extrusion at each temperature was carried out three times 
to ensure the accuracy and repeatability of the experiment.

Fig. 3  (a) Scheme for the rheological extrusion process of the 2A50 aluminum alloy micro inner gear ring; (b) enlargement of region A

Fig. 4  Dies and equipment for 
the rheological extrusion experi-
ment: (a) die assembly and 
Instron-5982; (b) main parts of 
the die assembly
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The wedge faces of the upper and lower wedges are tan-
gent to each other once all dies are assembled. The lower 
wedge is induced by these tangent wedge surfaces when the 
upper wedge is pushed down by the compression plate of 
the Instron-5982, thus moving horizontally and radially to 
the billet. This horizontal motion enables the lower wedge to 
move radially along the cylindrical billet, causing the metal 
to fill into a mandrel in the whole circumference of the bil-
let. The velocity relationship between the upper and lower 
wedges is illustrated in Fig. 5.

The velocity relationship between the upper and lower 
wedge shown in Fig. 5 can be described as follows:

where v2x is the horizontal velocity of the lower wedge 
(mm/s), θ is the wedge angle of the wedge surface (°), and 
v is the vertical downward velocity of the upper wedge 
(mm/s). The dimensions of wedges used in the simulation 
and experiment are identical, and θ is 5°. The vertical veloc-
ity (v) of the upper wedge is 1 mm/s in the extrusion experi-
ment. According to Eq. (1), the horizontal velocity (v2x) of 
the lower wedge is calculated as 0.087 mm/s, which aligns 
with the velocity of the lower wedge in the FE simulation 
(Table 3).

Samples were cut from the radially forged 2A50 alu-
minum alloy bar for isothermal treatment, that is, held at 575 
°C and 590 °C for 3 min and then quenched into the water to 
preserve the semi-solid microstructure. This process aims to 
compare the microstructure of the extruded gears with that 
of the semi-solid billets obtained by isothermal treatment.

2.3.2  Microstructure characterization

All samples were embedded with resin powder. Sandpapers 
with the grit sizes of 200 #, 600 #, 800 #, 1000 #, and 2000 # 

(1)V
2×

= Vsin� cos�

were used to polish the above samples from isothermal treat-
ment and extruded micro inner gear rings. Subsequently, all 
samples were polished using diamond polishing agents with 
particle sizes of 2.5 μm, 1 μm, and 0.5 μm. The isothermal 
treatment samples were etched for 40 s in a 5% HF solution 
and observed with an optical microscope. In addition, the sam-
ples from micro inner gear rings were further polished with 
an ion thinning instrument (Leica EM RES102) for detailed 
microstructure analysis by Electron Back Scatter Diffraction 
(EBSD). The EBSD analysis was conducted on a scanning 
electron microscope (SU3500) equipped with an EBSD detec-
tor with an acceleration voltage of 15 kV. The scanning step 
size of the bottom lands and non-dentiform regions was 0.5 
μm, whereas that of the teeth was 0.7 μm. The Oxford HKL 
Channel 5 software was used for analysis.

3  Numerical and experimental results

3.1  Metal flow and strain distribution

Figure 6 demonstrates the metal flow and filling into the 
mandrel during the rheological extrusion process of a micro 
inner gear ring. According to the gear tooth nomenclature 
[23], the characteristic regions of the inner gear ring are 
labeled in Fig. 6, including the top land, bottom land, tooth, 
and tooth space. Figures 3b and 6 show that during the radial 
advancement of the lower wedge, the inner side of the billet 
gradually approached the tooth flanks of the mandrel, and 
the metal filled into the tooth spaces. According to Fig. 6, 
the metal mainly flowed radially from the outer side to the 
inner side of the billet. With the continuous advancement of 
the lower wedge (S denotes the displacement of the lower 
wedge), the metal flow velocity at the tooth decreased from 
0.095 to 0.01 mm/s, whereas that at the non-dentiform 
region near the outer side of the billet diminished from 0.084 
to 0.06 mm/s. The flow of the metal toward the tooth spaces 
was intensely hindered by the bottom lands of the mandrel, 
resulting in the formation of the top lands of the micro inner 
gear ring.

The strain distribution during the rheological extrusion 
of the 2A50 aluminum alloy inner gear ring is shown in 
Fig. 7. The overall strain of the billet rose with the continu-
ous motion of the lower wedge. The strain is inhomogene-
ous in the different regions of the billet, with the magnitude 
arranged as bottom land > top land > non-dentiform region. 
The strain on the tooth is larger than that on the non-denti-
form region.

3.2  Morphology of the extruded micro inner gear 
ring

The macroscopic morphology of the micro inner gear rings 
after rheological extrusion at 575 °C and 590 °C is shown in 

Fig. 5  Relationship of the velocity of the upper wedge and lower 
wedge: (a) position of the two wedges, (c) the components of the 
upper wedge velocity along and perpendicular to the wedge face, and 
(c) horizontal and vertical components of the lower wedge velocity
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Fig. 8. The tooth profiles of the extruded inner gear rings are 
overall complete. The teeth and bottom lands are distributed 
continuously along the height direction without any apparent 
imperfections. The tooth profiles of the micro inner gear ring 
extruded at 575 °C were more regular and fuller and had fewer 
defects than those at 590 °C, as shown by the comparison 
between the cross sections of the inner gear rings (Fig. 8c, d).

3.3  Microstructure characterization

3.3.1  Grain size and grain boundaries

The microstructure of the 2A50 aluminum alloy radially 
forged bar after isothermal treatment is shown in Fig. 9. Typ-
ical semi-solid microstructure composed of homogeneous 

Fig. 6  Metal flow and velocity 
during the rheological extrusion 
process

Fig. 7  Strain distribution dur-
ing the rheological extrusion 
process
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near-spherical grains and intergranular eutectic liquid-phase 
films were obtained after holding at 575 °C and 590 °C for 3 
min, with average grain sizes of approximately 36.5 μm and 
42.5 μm, respectively.

Inverse pole figure (IPF) maps of the characteristic 
regions including the tooth, bottom land, and non-dentiform 
region of the inner gear ring at the extruded temperature 
of 575 °C and 590 °C are presented in Fig. 10. The white 
fine solid lines represent the low-angle grain boundaries 
(LAGBs) at 2° < θ < 15° (θ represents the misorientation 
angle), while the black thick solid lines denote the high-
angle grain boundaries (HAGBs) (θ > 15°). Moreover, the 
different colors of the grains refer to different crystal orienta-
tions. In general, the microstructure of each position of the 
inner gear ring is composed of fine grains. At the extruded 
temperature of 575 °C, the grains in the tooth were elon-
gated, refined, and clustered along the yellow dashed lines 
with arrows marked in the tooth, as shown in Fig. 10a. The 
fine and stretched grains near the edge of the bottom land 
were arranged along the tooth profile line L1, as shown in 
region C1 of Fig. 10b. On the contrary, the microstructure 
of the region at the bottom land but away from the edge was 
dominated by nearly equiaxed grains, as depicted in region 
C2 in Fig. 10b. The arrangements of fine and prolonged 

grains at the tooth and bottom lands were consistent with 
the metal flowing during the extrusion, as described in the 
“Metal flow and strain distribution” section.

When the temperature increased to 590 °C, the grains at 
the tooth and bottom lands became larger, and they were less 
“elongated” compared to those at 575 °C. However, the dis-
tribution characteristics of the grains within each region of 
the inner gear ring remained similar to those at 575 °C. The 
microstructure of the non-dentiform region of the inner gear 
ring extruded at 575 °C and 590 °C dominated by almost 
equiaxed grains, the sizes of which were larger than those at 
the tooth and bottom lands.

Figure 11 demonstrates the grain size (equivalent circle 
diameter) of the characteristic regions of the inner gear rings 
shown in Fig. 10. The figures indicate that when the extruded 
temperature was 575 °C, the average grain sizes of the tooth 
(Fig. 11a) and bottom land (Fig. 11b) were similar, with 
values of approximately 14.04–14.62 μm. The grain size 
in the non-dentiform region (Fig. 11c) was 17.04 μm. The 
average grain sizes of the micro inner gear ring increased 
as the temperature increased to 590 °C. Furthermore, the 
tooth (Fig. 11d) exhibited the highest increment in grain 
size, approximately 36.3%. At 575 °C and 590 °C, the high 
frequency of grain size statistics appeared in the range of 

Fig. 8  Macrographs of the 
micro inner gear rings under 
different extruded tempera-
tures: (a) top view, T = 575 °C; 
(b) side view, T = 575 °C; (c) 
cross-section, T = 575 °C; (d) 
cross-section, T = 590 °C

Fig. 9  Microstructure of the 
2A50 aluminum alloy semi-
solid slurry obtained after 
holding for 3 min at different 
temperatures: (a) 575 °C and 
(b) 590 °C
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10–30 μm and 15–40 μm, respectively. Furthermore, a small 
number of grains with size values exceeding 50 μm were 
more likely to appear at 590 °C, indicating that a few grains 
would evidently grow at elevated extrusion temperature.

Figure 12 illustrates the distribution of grain bound-
ary misorientations of the inner gear rings. The misori-
entation angles range from 2 to 63° in each region of the 
inner gear ring, excluding that below 2°. Almost all regions 

Fig. 10  IPF maps for the characteristic regions of the extruded inner ring gears at different temperatures: (a) tooth, T = 575 °C; (b) bottom land, 
T = 575 °C; (c) non-dentiform, T = 575 °C; (d) tooth, T = 590 °C; (e) bottom land, T = 590 °C; and (f) non-dentiform, T = 590 °C

Fig. 11  Grain size distribution of the extruded inner gear rings at different regions: (a) tooth, T = 575 °C; (b) bottom land, T = 575 °C; (c) non-
dentiform, T = 575 °C; (d) tooth, T = 590 °C; (e) bottom land, T = 590 °C; and (f) non-dentiform, T = 590 °C
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were dominated by HAGBs, among which, the frequency 
of HAGB at the tooth and bottom lands was 69.8–76.63%. 
Furthermore, the non-dentiform regions exhibited a HAGBs 
proportion of more than 90%.

3.3.2  Recrystallization maps

The recrystallization statistics for the internal gear ring are 
demonstrated in Fig. 13, where the blue color, yellow color, 
and red color represent the recrystallized grains, substruc-
tured grains, and deformed grains, respectively. This figure 
clearly shows that the microstructure of the inner gear ring 
predominantly consists of recrystallized and substructured 
grains. Only a few deformed grains were found at the extru-
sion temperature of 575 °C. The recrystallization statistics 
of each region at different extrusion temperatures shown in 
Fig. 13 were compared. The results show that at the tooth 
and bottom lands, the recrystallized grains accounted for 
approximately 40.99–47.28%, and the substructure grains 
made up about 52.32–58.64%. In contrast, the frequency 
of recrystallized grains (72.89–80.34%) in the non-denti-
form region was significantly higher than the substructure 
ratio (19.6–27.03%), with almost no deformed grains. At 
an extrusion temperature of 575 °C, the presence of a few 
deformed grains suggests that some retained deformation 
energy. In Fig. 13b, a few red irregular dot-like areas (non-
grain shape) are near the edge of the tooth, as highlighted 
by a green circle, probably caused by the edge-related mis-
interpretation in the tooth profile.

3.3.3  Texture

Texture has an important influence on the physical and 
mechanical properties of the alloy, and its effect on mate-
rial strength depends greatly on the loading direction and 
the overall orientation of the grains [24, 25]. Pole figure is 
an important method for characterizing texture. The {100}, 
{110}, and {111} pole figures of the inner gear rings are 
illustrated in Fig. 14. The maximum texture intensity of 
approximately 4.81 was observed in the {100} pole fig-
ure for the bottom land at the extruded temperature of 590 
°C (Fig. 14e), which was approximately a weak texture of 
{112} < 126 > . Besides this maximum, the pole figures of 
other regions were randomly distributed, with maximum 
intensity ranging from 2.50 to 4.21, suggesting no evi-
dent predominant grain orientations and no strong texture 
appeared in the majority of the inner gear ring. This finding 
corresponds to the relatively random distribution of the grain 
colors, as shown in the IPF maps (Fig. 10).

4  Discussion

4.1  Relationship between metal deformation 
and microstructure evolution

Figure 10 shows the difference in the shape and size of the 
grains at each region of the inner gear ring. Figure 6 reveals 
that the metal flowed intensely and rubbed against the man-
drel when it passed through the feature regions, such as 

Fig. 12  Misorientation angles distribution of the extruded inner gear rings at different regions: (a) tooth, T = 575 °C; (b) bottom land, T = 575 
°C; (c) non-dentiform, T = 575 °C; (d) tooth, T = 590 °C; (e) bottom land, T = 590 °C; and (f) non-dentiform, T = 590 °C
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the top and bottom lands of the mandrel. This interaction 
results in intense shear deformation of the material, causing 
larger strain in these regions compared to others, as shown 
in Fig. 7. While the metal was in the semi-solid temperature, 
dynamic recovery and dynamic recrystallization could occur 
substantially in these high-stain regions. Once the extrusion 
was completed, the dies still maintained a high tempera-
ture and promoted the growth of these newly recrystallized 
grains. In addition, metadynamic recrystallization, static 
reversion, and static recrystallization may occur at high 
temperatures when the hot deformation ceases [26–28]. The 
microstructure of the inner gear ring no longer evolved after 
removing it from the dies. However, as shown in Fig. 10, the 
presence of LAGBs in the tooth and bottom lands suggests 
the potential transformation to HAGBs and possible grain 

growth under sustained high temperatures. In the vicinity 
of the top and bottom lands, a streamlined fibrous micro-
structure emerges due to the metal flow and the mandrel’s 
constraints during extrusion, evident in the elongated grains 
of Fig. 10a, b, d, e. Similarly, Zhang et al. [29] observed fine 
and slender grains parallel to the flank surface at the bottom 
of the tooth during the rolling process. Moradia et al. [30] 
noticed that most grains were highly elongated, resulting 
in a flow pattern in the thermo-mechanically affected zone 
due to the severe shear and frictional effects of the tool on 
the material.

However, the metal in the non-dentiform region was 
primarily compressed toward the center of the billet, 
with a single arc-shaped die contacting its outer side. The 
minimal strain was found in the non-dentiform region, as 

Fig. 13  Microstructure recrystallization diagram of the extruded 
inner gear rings at different positions: (a) tooth, T = 575 °C; (b) 
bottom land, T = 575 °C; (c) non-dentiform, T = 575 °C; (d) tooth, 

T = 590 °C; (e) bottom land, T = 590 °C; (f) non-dentiform, T = 590 
°C; (g) statistics results of the inner gear ring extruded at T = 575 °C; 
and (h) statistics results of the inner gear ring extruded at T = 590 °C
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shown in Fig. 7, where dynamic recrystallization could 
occur without forming a streamlined fibrous microstruc-
ture along the tooth profile. Furthermore, less defor-
mation of the non-dentiform region resulted in a lower 
dynamic recrystallization level compared to the tooth 
and bottom lands. Consequently, the microstructure of 
the non-dentiform region is characterized by nearly equi-
axed grains after deformation and recrystallization, not as 
refined as those in the tooth and bottom lands (Figs. 10, 
11, and 13).

The contour lines are distributed relatively randomly 
in the pole figures (Fig. 14), with a maximum intensity 
below 5, indicating the absence of strong texture in the 
inner gear ring [31]. During the rheological extrusion and 
subsequent cooling process, the microstructure and tex-
ture of the inner gear ring were determined by the com-
plex interplay of deformation, recrystallization, and grain 
growth, as described by Ha et al. [32]. Some preferred 
orientations may develop as the grains suffered fragmen-
tation, rotation, and translation due to the severe defor-
mation during the extrusion. Recovery and recrystalliza-
tion occurred in the extrusion and subsequent cooling to 
consume the stored deformation energy within the grains, 
leading to the weakening of texture [33]. In addition, 
further growth of the grains may be unavoidable. After 
undergoing such complex processes, the newly formed 
grains no longer exhibit preferred orientations.

4.2  Effect of temperature on the microstructure

In general, aluminum alloy is a material of high stack-
ing fault energe, which undergoes dynamic recovery and 
dynamic recrystallization during hot deformation processes. 
As the deformation temperature increases, the dislocations 
gain more energy to move, resulting in more extensive 
dynamic recovery and a higher level of dynamic recrystal-
lization [34]. In the rheological extrusion process of the 
2A50 aluminum alloy micro inner gear ring, more adequate 
dynamic recovery and dynamic recrystallization occurred 
at the extruded temperature of 590 °C compared to 575 °C. 
During the cooling period of dies, metadynamic recrystal-
lization, static recovery, and static recrystallization could 
occur simultaneously within the inner gear ring due to the 
residual high temperature. The grains could grow up in this 
stage. Moreover, the grain boundaries migrated rapidly as 
the temperature increased, promoting the grains to grow 
[35–37]. Consequently, the grains in the microstructure of 
the inner gear ring at the extruded temperature of 590 °C 
were larger than that at 575 °C.

The size of the micro inner gear ring is very small, so the 
average size and number of grains have a great influence on 
deformation during the rheological extrusion process [38]. 
The average grain size of the microstructure at 590 °C was 
larger than that at 575 °C. The number of grains at the tooth 
decreased with the larger grain size, contributing to poor 

Fig. 14  Pole figures of the characteristic regions of the micro inner 
gear rings extruded at different temperatures: (a) tooth, T = 575 °C; 
(b) bottom land, T = 575 °C; (c) non-dentiform region, T = 575 °C; 

(d) tooth, T = 590 °C; (e) bottom land, T = 590 °C; and (f) non-denti-
form region, T = 590 °C
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coordination of the deformation between neighboring grains 
in the rheological extrusion process, which had consider-
able effects on the dimensional accuracy of the micro inner 
gear ring. Similarly, Meng et al. [39] observed that larger 
grains led to a few irregular defects on the surface of the 
flanged micropart fabricated by the hole flanging-ironing 
process. This demonstrates the impact of the “size effect” 
on the forming quality of miniature parts manufactured by 
the plastic forming process. Furthermore, at higher tempera-
tures, the rate of the liquid phase increased, and more liquid 
phases were squeezed out during the rheological extrusion 
[40, 41], which may bring about a few defects in the teeth. 
The combined effect of these factors resulted in a slightly 
lower dimensional accuracy of the micro inner gear ring 
at 590 °C compared to 575 °C. This is evident in the more 
regular macroscopic morphology of the teeth in the micro 
inner gear ring extruded at 575 °C (Fig. 8), and more homo-
geneous refined grains were observed (Fig. 10a).

The failure of the micro inner gear rings was usually 
induced by some defects in weak areas, such as fractures 
in the top and bottom lands. At 575 °C, the presence of fine 
and elongated grains in these areas (Fig. 10a,b) can improve 
the mechanical properties of teeth, potentially increasing the 
lifespan of the inner gear ring. Nevertheless, at 590 °C, the 
grains in the bottom land were fine (Fig. 10e), whereas the 
ones in the tooth were coarse (Fig. 10d), which could nega-
tively affect the overall mechanical performance of the inner 
gear ring. These findings indicate that a superior microstruc-
ture can be obtained when the rheological extrusion is per-
formed at lower semi-solid temperatures, which is beneficial 
for maintaining the performance of the inner gear ring.

5  Conclusion

In conclusion, the 2A50 aluminum alloy micro inner gear 
rings were successfully fabricated using the rheological 
extrusion process in this work, providing a novel approach 
for manufacturing the components with microfeatures. The 
metal flow behavior during the extrusion process was ana-
lyzed by numerical simulation. Micro inner gear rings were 
fabricated, and their microstructure was demonstrated in 
detail by the experiments. The following conclusions can 
be drawn.

(1) During the rheological extrusion process, the metal pri-
marily flowed radially along the billet and continuously 
filled into the tooth spaces of the mandrel. A gradual 
decrease in metal flow velocity was observed as the 
extrusion progressed. The values of the metal flow 
velocity at the tooth and non-dentiform region were 
reduced from 0.095 to 0.01 mm/s and from 0.084 to 
0.06 mm/s, respectively.

(2) The macroscopic morphology of the extruded micro 
inner gear rings had no evident defects, and the tooth 
profile was relatively intact. The elongated grains of 
the tooth and bottom lands were arranged along the 
extrusion flowing lines, corresponding to the flow of 
the material. The grains of the non-dentiform region 
were nearly equiaxed. The average grain sizes of 
the teeth and bottom lands (14.04–19.92 μm) were 
mostly smaller than those in non-dentiform regions 
(17.04–20.05 μm). The average grain size increased 
with the elevated extrusion temperature, particularly 
in the tooth. Some LAGBs were found in the tooth and 
bottom lands, whereas the non-dentiform region was 
dominated by HAGBs, with a fraction of 90%.

(3) The microstructure of the micro inner gear rings of 
two extruded temperatures was primarily composed 
of recrystallized and substructured grains, and the fre-
quency of the recrystallized grains in the non-denti-
formed region was remarkably higher compared to the 
substructure.

(4) No strong texture appeared in the microstructure of the 
micro inner gear ring. Pole figure analyses revealed that 
the maximum intensity (4.81) occurred in the bottom 
land of the inner gear ring extruded at 590 °C, indicat-
ing an approximately weak {112} < 126 > texture.
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