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Abstract
The uniform thickness hollow axle is one of the lightest weight axles in the high-speed rail industry. It can effectively reduce
unsprung mass and further improve the train speed. Therefore, due to its importance and significance, it is crucial to research
and develop the uniform thickness hollow axle. To understand the microstructural evolution during three-roll skew-rolling
(TRSR) forming, 30CrMoA alloy steel was used in this study. A constitutive model of 30CrMoA was established by SIMUFACT FORMING finite element software and utilized to simulate the deformation, heat transfer, and microstructure coupling
during TRSR. Via analyzing the influence of process parameters on the average grain size, the microstructural evolution of
the forming part at each deformation stage is revealed. The result shows that the dynamic recrystallization of the rolled piece
produces a fine and uniform grain structure during the forming process. The refinement level is enhanced with the increase
of the radial compression; the grain size is gradually increased from the outer surface to the inner surface of the rolled piece.
At a higher rolling temperature, it was found the initial grain size and final average grain size were larger compared to the
lower temperature. By increasing the axial traction speed, not only can the rolling time be shortened, but also the appearance
of coarse grains can be avoided. Therefore, the mechanical properties can be improved.
Keywords Three-roll skew-rolling forming · 30CrMoA · Hollow axle · Microstructure evolution · Finite element analysis

1 Introduction
With the rapid growth of the global economy during the
past decades, high-speed rail (HSR) plays an important role
in modern society. Both the USA and China have put the
agenda on developing the next generation of high-speed rail
in their next 10 years plan [1, 2]. The HSR speed is a critical assessment of the performance of the rail. Thus, how to
improve the HSR speed is a significant topic for engineers
and researchers. One of the solutions to further improve the
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train speed is achieving the lightweight structure of the rail
vehicle.
The hollow axle is a new genre of axle design; it not only
meets the requirement of strength but also greatly reduces
the unsprung weight of the rail, meanwhile maintaining stability and safety; therefore, it is one of the most effective
ways to realize the lightweight. Based on the different structural designs of the internal hole, the hollow axle is divided
into two categories: the hollow axle with an equal diameter
and the hollow axle with a uniform wall thickness. For the
hollow axle with equal diameter, as its internal diameter
is fixed, the manufacturing process is mainly multi-process
forging and deep hole drilling [3, 4], as well as the integrated
forming of cross wedge rolling with mandrel [5, 6]. For the
hollow axle with uniform wall thickness, the wall thickness
is the same all along the axle. However, a uniform thickness
axle is more difficult to manufacture than an equal diameter
axle due to its geometrical complexity; on the other hand,
due to its prominent mechanical properties and even better
lightweight performance [7, 8], studying its net near forming method and microstructure evolution will promote the
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development of high-speed rail and eventually achieve the
higher speed of rail vehicle.
Fabrication of the uniform thickness hollow axle is challenging due to the nature of its multiple internal diameters
along the axle. Typically, the internal hole is processed by
precision forging and deep drilling. This procedure usually cuts off the metal fiber, which could be detrimental
to the mechanical performance [9]. In this study, a novel
forming method has been applied, which is the three-roll
skew-rolling (TRSR) process [10]. This method is a die-free
flexible forming technique that can form different shapes
of axles by real-time controlling the distance between the
rolls, and compared to traditional machining, forging, or
cross wedge rolling process; it has the following advantages:
higher utilization rate, higher efficiency, lower cost, and less
environmental pollution. Thus, it plays an important role
in advanced near-net-shape manufacturing technology [11,
12]. Several studies have been carried out on the three-roll
skew rolling process. Zhang et al. [13] and Cao et al. [14]
analyzed the forming of titanium alloy rods with equal diameter in the TRSR process and obtained the relation between
the processing parameters and forming quality. Xu and Shu
[15] used SIMUFACT finite element software to simulate
the TRSR forming process. The simulated model was scaled
down to 1:5 compared to the high-speed train hollow axle,
and the stress–strain field, temperature field, rolling force,
and metal flow field were analyzed in detail. The results
showed that force and energy parameters were significantly
smaller than those in cross wedge rolling, further verifying
the feasibility of this process. Stefanik et al. [16] provided
theoretical and experimental support for forming aluminum
rods by the TRSR process. Gryc et al. [17] studied the influence of process parameters on temperature field in rolled
part during TRSR. Markov et al. [18]. studied the forging
process of pipe without a mandrel, and the results show that
the main factor affecting wall thickening is the inner diameter; it was found that a relative inner diameter between 0.55
and 0.60 recommended for the maximum thickening of a
forging wall. Pater et al. [19–22] used the finite element simulation and experimental validation to study the Ti6AL4V
hollow shaft in trucks and cars, and provided theoretical
foundations on long-shaft parts by TRSR. Bartnicki et al.
[23] designed and built their own TRSR mill machine to
form the hollow axle. The feature of this mill enables the
precision movement of rolls and clamps by programming in
the CNC system. Therefore, a more geometrically complex
and accurate part can be obtained. Zhang et al. [4, 7, 24,
25] simulated the process of hollow axles during TRSR and
studied the effect of processing parameters on the uniformity
of wall thickness. They analyzed the formation mechanism
of spiral-like defects on the part surface.
The above research mainly emphasizes mechanical properties and geometrical accuracy control. There are very
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few studies that focus on micro-scale investigations such
as microstructure evolution and defects generated during
the forming process. To achieve comprehensive and accurate TRSR, it is necessary not only to meet the geometrical requirements of the rolled part, but also to understand
the formation of the microstructure to further improve the
mechanical performance. Due to the material deformation and high-temperature environment in the hot forming
process as TRSR, the microstructure of the material will
undergo a series of changes such as static-dynamic recrystallization and grain growth. These changes will determine the
mechanical performance of the final rolled piece. Therefore,
this study aims the microstructure evolution of hollow axles
during the TRSR process by evaluating simulated results and
experimental results. These phenomena were investigated on
30CrMoA structural steel by analyzing its grain size evolution under multiple processing conditions and exploring the
formation mechanism behind the grain distribution.

2 Model and experiment
2.1 Kinematic model
The main characteristic of three-roll skew rolling is that the
rolled part moves forward spirally. With the rolling continuing, the rolled part eventually reaches the desired geometry.
The principle of generating this spiral movement has mainly
two reasons: (1) The three rolls all rotate in the same direction. (2) The rolling line is inclined to roller axis by a feed
angle β. Figure 1 shows the schematic of the TRSR process
and the velocity vectors in different cross-section planes.
The linear velocity at any point P in the deformation zone
is vp; by projecting the velocity vector vp, the axial components
(vpx) and tangential components (vpy) can be obtained and
are shown in Eqs. (1) and (2). The lead distance Zx that the
rolling part moves along the rolling direction per revolution,
is shown in Eq. (3). The pitch distance zx that the rolling part
moves along the rolling direction every processing time, is
shown in Eq. (4). ηx and ηy are the axial and tangential slip
coefficients of point P in the deformation zone, respectively.

vpx = vp cos 𝜑 sin 𝛽

(1)

vpy = vp cos 𝜑 cos 𝛽 cos 𝛾 − vp sin 𝜑 sin 𝛾

(2)

Zx =

𝜂
cos 𝜑 sin 𝛽
60
upx = 2𝜋rp x
nb
𝜂y cos 𝜑 cos 𝛽 cos 𝛾 − sin 𝜑 sin 𝛾

zx = Zx ∕3 =

2𝜋rp 𝜂x

cos 𝜑 sin 𝛽
3 𝜂y cos 𝜑 cos 𝛽 cos 𝛾 − sin 𝜑 sin 𝛾

(3)

(4)
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Fig. 1  Velocity vector of any point in the deformation zone of the three-roll skew-rolling process

It is important to minimize or diminish the spiral-like defect
on the surface of the rolled part. To achieve the spiral-free process, one of the solutions is to control the pitch distance either
equal to or smaller than a certain value when forming in the
region of multiple diameters [4, 25]. According to Eqs. (3) and
(4), adjusting either the axial traction speed or rotational speed
of the rolls can control the pitch to the optimal results. In the
diameter increasing region, gradually lower the axial traction
speed or increase rotational speed, or in the diameter decreasing
region, increase the axial traction speed or lower rotational speed.

and the promising properties that has been shown in the previous study [28]. The chemical composition of 30CrMoA
steel is shown in Table 1. The material properties of the billet
were obtained from experiments and are presented in Table 2.
Constitutive relations of 30CrMoA steel are obtained and
imported into the material bank of finite element software.
The material models are described in the previous studies
[28, 29], and are shown in Eqs. (5) and (6). Figure 2 was
obtained from the compressive test, showing stress–strain
relation of 30CrMoA under multiple conditions.

2.2 Material model

𝜎p = 3756.3 ⋅ e−0.00381T ⋅ 𝜀0.08449 ⋅ e−0.00306∕𝜀 ⋅ 𝜀̇ 0.16866

The material used in this study is 30CrMoA steel, which
is a medium carbon structural steel with excellent hardenability, strength, and toughness. It has many advantages over
other conventional steels, and it was designed to be applied
on 300 ~ 350 km/h high-speed rail fields. Previous studies
[26, 27] reported that 30NiCrMoV12 steel had outstanding
mechanical properties and fatigue properties. In particular, the tensile test of the rail axle can reach 1000 MPa and
the notched fatigue test reached 356 MPa; it was even better in the impact test at low temperature. In the full-scale
physical fatigue tests, the axle successfully passed the tests,
and under the condition of a speed of 350 km/h, the safety
factor was around 1.99, which significantly improved the
safety level. Due to the similar chemical composition with
30NiCrMoV12, 30CrMoA has been developed to replace the
30NiCrMoV12 because of the cheaper manufacturing cost

⎧d = d
(𝜀 < 𝜀c )
0
⎪ dyn
−0.0567 × exp[−60713∕(RT)] (𝜀 ≥ 𝜀 )
⎨ ddyn = 4774.98 × 𝜀̇
c
⎪ 𝜀c = 0.00767 × exp(3634.2∕T)
⎩
(6)

Table 1  Chemical composition
of 30CrMoA alloy structural
steel (wt%)

(5)

where σp is the flow stress, MPa; ε is the equivalent strain;
𝜀̇ is the strain rate, s −1; T is the temperature, °C; ddyn is the
grain size of dynamic recrystallization, μm; d0 is the initial
grain size, μm; R is the gas constant (8.314 J·mol−1·K−); 𝜀
is the average strain; 𝜀c is the critical strain.

2.3 Finite element model
The three-dimensional model of three-roll skew rolling and
hollow axle was built in the SOLIDWORKS software and

C

Si

Mn

S

P

Cr

Ni

Cu

Mo

0.26 ~ 0.33

0.17 ~ 0.37

0.4 ~ 0.7

≤ 0.025

≤ 0.025

0.80 ~ 1.10

≤ 0.030

≤ 0.025

0.15 ~ 0.25
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Table 2  Material properties of the billet
Poisson Coefficient
ratio
of thermal
expansion
(1/℃)
0.279

9.37209e

−6

Emissivity(N/s/
mm/℃4)

0.8

Convection
coefficient(N/s/
mm/℃)

Density
(kg/m3)

0.02

7850

to study the processing parameter effect on the grain size.
The detailed process parameters of finite element simulation
are given in Table 3.

2.4 Experiment

the STL format file was imported into SIMUFACT FORMING V14.0 software for the finite element analysis. The
imported finite element model is shown in Fig. 3. Since the
hollow axle belongs to a large-size long axle in real production, it will be very time-consuming to carry out the simulation with a 1:1 scale. Thus, to achieve the cost-effective
simulation, a scale with a validated 1:5 model of the highspeed hollow axle is used to perform the finite element simulation in this study [22]. The CAD models of hollow axle
and billet are shown in Fig. 4. The initial billet is the thickwalled hollow rod with 52-mm external diameter, 30-mm
internal diameter, 11-mm thickness, and 500-mm length as
shown in Fig. 4b. The chuck fixture and rolls are set as a
rigid body. The hollow billet adopts 8-node hexahedral mesh
elements with 31,752 mesh elements in total, and the entire
duration of the rolling process is 27 s with 0.176 s per step.
Noted that when equivalent strain is increased to 0.4, the
adaptive model will automatically re-mesh to prevent the
mesh distortion. Two different coefficients for shear friction
are set, between roll and workpiece is 0.8, between fixture
and workpiece is 1.0 [22]. The heat transfer coefficient in
billet is set to be 15,000 W/(m2· K), and the heat transfer
coefficient in the environment is 50 W/(m2· K). Two operating temperatures (1000 °C and 1100 °C), three different
axial traction speeds (10 mm/s, 20 mm/s, and 30 mm/s), and
three corresponding roll radial loading speeds were chosen

The processing parameters and forming procedures are presented in Table 4 and Fig. 5, respectively. The rolled pieces
are shown in Fig. 6. Microstructure sample is obtained by the
following steps: (1) wire cutting along the axial direction; (2)
take the samples from multiple chosen locations; (3) etching
the sample by the saturated aqueous solution of picric. SU
5000 Field-Emission Scanning Electron Microscope (Hitachi,
Japan) is used to observe the microstructure in samples. A
total 11 different cross-sections are selected to obtain the
microstructure sample as shown in Fig. 7. Outer, core, and
inner layers are taken from each sample and are utilized to
count the grain size. The intercept method is used to determine the average grain size by the NANO MEASURER 1.2
software. Noted No. 1 cross-section is the non-deformation
area and it functions as the clamping fixture, and other crosssections participate in the deformation as different forming
diameters.

3 Results and discussion
3.1 Numerical simulation
3.1.1 Microstructure characteristics of hollow axle
at different locations
The rolling conditions are set with a temperature T = 1100
℃ and an axial traction speed Vz = 20 mm/s, to study

Fig. 2  True stress–strain curve with different strain rates under two temperatures, a 1000 °C and b 1100 °C

13

The International Journal of Advanced Manufacturing Technology
Fig. 3  Finite element model of
hollow axles formed by threeroll skew rolling

the characteristics of microstructure distribution in the
30CrMoA hollow axle. As shown in Fig. 8a, the grain refinement in the axle is quite significant compared to the initial grain size in the first deformed section due to the large
radial compression and large contact area of the billet. As
shown in Fig. 8b, the contact area between roll and workpiece is smaller in the second deformed section, and the
grain size in the deformation zone is significantly smaller,
whereas the grain size in the non-deformation zone is larger.
The grain size in the third deformed section is larger than
the grain size in the first and second deformed sections in
Fig. 8c, indicating that greater radial compression results
in smaller grain size. The diameter of the fourth deformed
section is relatively larger in Fig. 8d, but the surface grain
size is still significantly refined and uniformly distributed,
indicating that the TRSR process can effectively improve
surface microstructure quality. The fifth deformed zone is
depicted in Fig. 8e with similar grain size and distribution
results as in the third deformed section due to the identical
radial compression. Figure 8f shows the sixth deformed section, the grain size is unevenly distributed along the rolling
direction due to the influence of diameter reduction, and
the grain size near the next deformation zone is smaller.

Figure 8g shows the seventh deformed section of the skew
rolling, and it should be noted that the surface grain size is
gradually decreasing along the rolling direction because the
greater relative plastic deformation leads to more significant
refinement. Overall, with the progress of rolling, the grain
size of the already formed area will slightly increase. The
average surface grain size is refined from 62.6 to 15–25 μm,
demonstrating that the TRSR technique can refine the grain
size and improve the microstructure properties of the hollow axle [10].
Figure 9 shows the distribution of grain size in the
selected cross-sections at T = 1100 °C and Vz = 20 mm/s.
The outer core and inner layer are defined in Fig. 9. It can
be seen that the average grain size of the core and inner
layer gradually increases along the rolling direction, while
the change in the outer layer is negligible. The average
grain size in the core is the largest and the average grain
size in the direct contact area between roll and billet is the
smallest. It can be observed that the grain is refined in the
non-deformation zone but near the deformation area, and
the grain size is reduced by half compared with the initial size. The average grain size in the deformed section
is refined to 14.5 ~ 20 μm. The grain size in the core layer

Fig. 4  Dimensions of the hollow axle and axle billet. a1:5
scale of high-speed train hollow
axle. b CAD model of hollow
billet
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Table 3  Process parameter setting for finite element simulation of
hollow axles in three-roll skew rolling
Parameters

Unit

Values

Rolling temperature
Roll rotational speed
Axial traction speed
Roll radial loading speed
Roll tilt angle
Roll forming angle
Fine rolling width
Diameter of roll

℃
rpm
mm/s
mm/s
°
°
mm
mm

1000, 1100
60
10, 20, 30
0–3.5, 0–7, 0–10
5
20
12
150

gradually increases along the rolling direction. Meanwhile,
this pattern gradually diffuses to the inner layer, leading to
similar grain size in the core and inner layer at the end of
the workpiece.
The average grain size of the outer core and inner
layer at different cross-sections is shown in Fig. 10 with
T = 1100 °C and Vz = 20 mm/s. From Fig. 10, the grain
refinement in the outer layer is the most noticeable,
especially at cross-sections F and G, while the core and
inner have a similar trend of grain refinement. The grain
size gradually increases along the rolling direction for
both the core and inner layer, while the opposite pattern
was found for the outer layer. Under the same amount of
radial compression, the average grain size in core and
inner layer is smaller at the early-stage rolling process,
while the outer layer has the smaller grain size at the late
stage of the rolling process. The results in Fig. 10 indicate that the rolling process has more influence on the
grain refinement at the outer layer than at other layers,
and the rolling sequence also plays an important factor
in further refinement.
In summary, the three-roll skew-rolling process will promote the microstructure distribution and grain refinement,
in particular at the outer surface layer; thus, the microstructure properties of the hollow axle can be improved via this
process.
Table 4  The number of rolled piece and its processing parameter
Roll piece

Rolling temperature (℃)

Axial traction speed
(mm/s)

No. 1
No. 2
No. 3
No. 4

1000
1100
1100
1100

20
20
30
10
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3.2 Effect of processing parameters on average grain
size
The rolling temperature has a significant effect on the grain
size. Figure 11 compares the grain size of the inner and outer
layer at 1000 °C and 1100 °C, to further understand the temperature effect. In Fig. 11, the initial grain size at 1100 °C
is approximately three times greater than the grain size at
1000 °C, and the overall average grain size at 1100 °C is
5 μm greater than at 1000 °C. The curve pattern in the figure
shows a similar trend of outer and inner layers between two
temperatures, indicating the temperature mainly affects the
grain size rather than changing other microstructure characteristics between outer and inner layers. Overall, the higher
the rolling temperature, the larger the initial grain size, the
larger the final grain size, but the relative changes in refinement are more significant at the higher temperature.
The axial traction speed directly affects the deformation
rate and forming time, and potentially affects the temperature field during the process, resulting in the corresponding
change in microstructure. Figure 12 shows the grain size
distribution with different axial traction speeds at 1100 °C,
10 mm/s, 20 mm/s, and 30 mm/s. Figure 12a–c show the
individual grain size distribution at each axial traction speed,
and Fig. 12d shows the overall distribution with all three
speeds included. Figure 12a indicates that radial compression has more influence on the grain size in outer layer than
other layers. It can be seen from Fig. 12b, c the grain size
distribution with 20 mm/s and 30 mm/s is similar, and only
30 mm/s has a slightly larger grain size than 20 mm/s. From
Fig. 12d, the curve pattern for each speed is relatively unanimous, which indicates different axial traction speed has a
similar effect on grain distribution in different layers. With
increasing traction speed, the average grain size becomes
larger in these layers. It should be noted that the increasing rate of grain size slows down when traction speed is
adjusted from 20 to 30 mm/s. This is because, during the
rolling process, the deformation zone will have more plastic deformation cycles, eventually resulting in more refined
grains. When the axial traction speed is 20 mm/s, the curves
have the smallest fluctuation rate, suggesting a more uniformly distributed microstructure along the axle.
It can be concluded that the rolling temperature has an
imperative influence on the initial grain size. With the higher
temperature, the grain size will be larger. However, the relative grain refinement is more significant. Furthermore, the
greater the axial traction speed, the larger the grain size is.
With the smaller traction speed, the relative grain refinement
is more noticeable. It was found that 20 mm/s had a more
evenly distributed microstructure.

The International Journal of Advanced Manufacturing Technology

Fig. 5  The forming procedures of the hollow axle in three-roll skew
rolling. a The rolled piece is set in the TRSR machine after taking
from the furnace and begins to deform. b Roll piece at the second
deformed section, where it has the greater radial compression. c Roll

piece at the third deformed section, where it has the smaller radial
compression. d Roll piece at the end of the fourth deformed section. e
Roll piece at the sixth deformed section, where it has the same radial
compression as the second deformed section
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Fig. 6  The rolled piece formed
by three-roll skew rolling

3.3 Experimental analysis
Figure 13 shows the microstructure at the second crosssection, where there is the largest radial compression
zone, in the rolled piece no. 1 (1000 ℃, Vz = 20 mm/s).
Figure 13a–c represent the outer, core, and inner layers,
respectively. It can be seen that the grain size is significantly increased from the outer layer to the inner layer.
In the meantime, the outer layer has better grain refinement and even distribution, indicating the larger plastic
deformation contributes to the grain refinement and distribution. Figure 14 shows the microstructure in the outer
layer at cross-sections no. 2, no. 3, and no. 4 in rolled
piece no. 1, where the radial compression is correspondingly decreased from no. 2 to no. 4. It can be found with
the finest grain at the second cross-section zone and the
coarsest grain at the fourth cross-section. This indicates
radial compression has a significant influence on the
grain size; the larger the radial compression, the better
the grain refinement.
The average grain size at all cross-sections of the no. 1
rolled piece is shown in Fig. 15. According to the figure, the

Fig. 7  Locations of the crosssection in the rolled piece for
microstructure observation
samples
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TRSR process can significantly refine the grains, especially
in the outer layer of the hollow axle. The radial compression
has the most noticeable grain refinement to the outer layer.
The greater the radial compression, the better the refinement is. However, radial compression has a limited effect on
refinement at the core layer and the inner layer. Compared
to the same radial compression, the average grain size is
much smaller in the early rolling than in the late rolling
part; this phenomenon is more obvious in the core and inner
layers.
Figure 16 shows the average grain size at different
cross-sections of the no. 2 rolled piece (T = 1100 °C,
Vz = 20 mm/s). It can be found that the grain refinement at cross-Sects. 2, 3, and 4 gradually improved with
decreasing the radial compression. Interestingly, the
same pattern was found at cross-Sects. 8, 9, and 10 with
increasing the radial compression. The outer layer is the
most consistent one in grain refinement, while the inner
and core layers present stochastic patterns. Considering
the nature of the rolling process, the outer layer is the
direct contact deformation zone. It is inevitable to have
more influence on grain refinement on the outer surface

The International Journal of Advanced Manufacturing Technology

Fig. 8  Microstructure at different stages of the hollow axle by threeroll skew rolling: a the first straight shaft section; b the second
straight shaft section; c the third straight shaft section; d the fourth

straight shaft section; e the fifth straight shaft section; f the sixth
straight shaft section; g the seventh straight shaft section
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Fig. 9  Microstructure of the 30CrMoA rolled piece with different cross-sections under T = 1100 ℃, Vz = 20 mm/s

than others. Furthermore, grain distribution and grain size
in the core and inner layers can be further refined by heat
treatment [30].
The no. 1 (1000 °C) and no. 2 (1100 °C) rolled pieces
are used to compare the temperature effect on the grain
size and microstructure distribution. The initial grain size
is affected significantly by the temperature results, going
from 22.45 to 62.6 μm as the temperature increases. However, when compared to the relative refinement level, the
higher temperature experiences a huge change in regards
to the grain size, and the experimental results also agree

with this with the simulation results. Furthermore, when
rolling the long shaft parts, the dynamic recrystallization becomes weaker as the length of the shaft increases.
This phenomenon is particularly obvious at higher
temperatures.
Figure 17 shows the comparison between no. 1 and no.
2 rolled pieces in different layers. The grain size in the
outer layer Fig. 17a is refined to 10 μm at 1000 °C and
around 15 μm at 1100 °C. It can be found that the crossSects. 2–4 present different curve trends at 1000 °C and
1100 °C, with the average grain size in no. 2 decreasing

Fig. 10  Grain size distribution at different cross-section under
T = 1100 ℃, Vz = 20 mm/s

Fig. 11  Average grain size at outer layer and inner layer under two
rolling temperatures, 1000 °C and 1100 °C
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Fig. 12  Average grain size under different axial traction speeds at 1100 °C. a–c The grain size distribution at different layer with 10 mm/s,
20 mm/s and 30 mm/s, respectively. d Influence of the traction speed on the grain size

instead of increasing at the higher temperature, indicating that the temperature has a significant effect on the
outer layer, as the grain refinement by dynamic recrystallization and static grain growth dominate in these sections. Figure 17b presents the grain size distribution in
the core layer. The figure shows that in the no. 1 rolled
piece, the grain refinement caused by dynamic recrystallization gradually becomes weaker from cross-Sect. 2 to
cross-Sect. 8; on the other hand, the grain growth effect
is enhanced. In the no. 2 rolled piece, the grain refinement is enhanced from cross-Sect. 2 to cross-Sect. 6, and

the refinement becomes much weaker from cross-Sect. 6
to cross-Sect. 8. Both rolled pieces have a very similar variation trend from cross-Sect. 8 to cross-Sect. 11,
and the average grain size of no. 2 is about twice that of
no. 1. Results show that the grain refinement in crossSects. 8–11 is dominated by recrystallization, and the
temperature has a significant influence on the average
grain size. Figure 17c shows the grain size at different
locations in the inner layer. It can be seen that in the
beginning stage of rolling, dynamic recrystallization
plays a dominant role in grain refinement. At the lower
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Fig. 13  Grain size of the second cross-section in no. 1 rolled piece
(1000 ℃, Vz = 20 mm/s): a outer layer, b core layer, and c inner layer
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Fig. 14  Grain size of outer layer at different cross-sections in no. 1
rolled piece: a no. 2, b no. 3, and c no.4
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Fig. 15  Average grain size at different cross-sections in no. 1 rolled
piece

Fig. 16  Average grain size at different cross-sections in no. 2 rolled
piece (1100 ℃, Vz = 20 mm/s)

temperature, the growth of recrystallized grains plays a
key role in refinement, in particular at the middle and late
stages of rolling. At the higher temperature, the growth of
recrystallized grains dominates in the middle stage when
the radial compression is small. Dynamic recrystallization dominates in the late stage of rolling as the radial
compression gradually increases.
In summary, by analyzing the microstructure of the
hollow axle in the TRSR process, it can be found that
the outer layer has the most refined grain size. Grain
size in the first half of the axle along the rolling direction is outer < core < inner and outer < inner < core in the
second half. The average grain size in the outer layer is
enlarged in the diameter increasing section, vice versa.
At lower rolling temperatures, the growth of recrystallized grain dominates in the core layer and inner layer.
At higher rolling temperatures, dynamic recrystallization dominates the grain refinement at the core layer in
the first half of the axle, and growth of recrystallization
dominates the core layer in the second half. Furthermore,
as the temperature increased, the final grain size also
increased.

that when performing the experiment, the rolled piece is
taken from the furnace to the TRSR machine by manual
operation. The rolled piece will experience some temperature loss, and the temperature gradient will have a direct
impact on the dynamic recrystallization and eventually
affect the grain size. Due to the temperature loss during
the experiment, the actual grain size is influenced and
eventually leads to the difference with the simulation.
Figure 18b shows the overall comparison between simulation results and experimental results, which shows the
mean and standard deviation of simulation (13.9 ± 0.85;
19.6 ± 1.1) and experiment (13.1 ± 2.9; 19.3 ± 7.1) at
1000 °C and 1100 °C. The relative error between simulation and experiment is 16.3% (mean absolute error:
2.3 μm) at 1000 °C and 30.7% (mean absolute error:
5.8 μm) at 1100 °C, according to relative error analysis.
As discussed in the above section, the microstructure
of 30CrMoA is susceptible to higher temperature, in
particular at 1100 °C, and the grain size will experience significant changes correspondingly. Due to this
reason, the temperature loss at higher temperatures plays
a huge impact on the final grain size and the larger differences occurred between simulation and experiments.
In Fig. 18c, the trends of microstructure evolution in
simulation and experiment are consistent with the polynomial fit, and the fitting equation can be further used
to precisely predict the experiment with the appropriate
offset. In summary, the established constitutive model
provides valuable information and can be used to predict
the microstructure evolution of TRSR.

3.4 Model validation
As shown in Fig. 18a, the simulation and experimental results are more consistent in the early stage from
cross-section A to cross-section D, and there are more
fluctuations at cross-sections E and F. It should be noted
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Fig. 17  Comparison of average grain size at different layers between no. 1 rolled piece and no. 2 rolled piece. a Grain size comparison in the
outer layer. b Grain size comparison in the core layer. c Grain size comparison in the inner layer
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Fig. 18  a Comparison of the average grain size between experiment
and simulation at 1000 °C. b Comparison of overall average grain
size between experiment and simulation by three-roll skew rolling. c

The polynomial regression of simulation and experimental results in
outer layer at 1100 °C

4 Conclusion

age grain size of 10 mm/s is the smallest, while the grain
size is most evenly distributed at 20 mm/s.
3. The radial compression has a significant impact on average grain size. The greater the radial compression, the
finer the grain size, and the more evenly distributed is.
The outer layer has the finest average grain size, while
the grain size in the core and inner layers depends on
the location in the hollow axle. In the first half of the
axle, where the diameter of the rolled piece is gradually
increasing, the core layer has a smaller grain size than
the inner layer. In the second half, where the diameter
is gradually decreasing, the core layer has a larger grain

1. Three-roll skew rolling can refine the microstructure.
At lower temperatures, the initial grain size is relatively
small and the effect on refinement is not obvious. With
the temperature rising, the initial grain size gets larger
and the effect on refinement is significant.
2. The axial traction speed has a moderate influence on the
microstructure in three-roll skew rolling. The greater
the axial traction speed, the larger the average grain
size. The increasing rate of grain size decreases with
the increase in axial traction speed. At 1100 °C, the aver-

13

The International Journal of Advanced Manufacturing Technology

size than the inner layer. All three layers can be refined
by the three-roll skew rolling process. Furthermore,
the finest refinement in the outer layer is beneficial to
improving the surface properties of rolled-piece.
4. By comparing the results between the simulation and
experiment, the established constitutive model can
reflect the microstructure evolution during the three-roll
skew rolling process and provide valuable information
for future numerical simulation.
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