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Abstract: A novel composite mechanical bulging process suitable for the manufacture of medium-duty commercial vehicle drive axle housings is proposed. The analytical expression for the limit bulging forming coefficient of tube blanks under conditions below the metal recrystallization temperature is derived, and the influence of the matching of various force parameters on the limit bulging forming coefficient is analyzed. The appropriate range for the axial auxiliary load during radial bulging is also presented. Based on the derived theory, a 5-ton commercial vehicle drive axle housing is selected as the research object. The key processes in the forming process are numerically simulated to obtain the metal flow state, stress-strain distribution, and wall thickness variation. The types and locations of defects that may occur during the bulging process are also predicted. To address the phenomenon of local wall thinning in the composite mechanical bulging process of the drive axle housing, a set of orthogonal simulation experiments is designed, focusing on the wall thickness thinning rate in the bridge arch bulging area and the crack-prone region, with respect to the process parameters. Based on the numerical simulation results, response surface equations are established for the expansion core’s movement speed and axial auxiliary thrust in relation to the wall thickness thinning rate. Through parameter estimation of the response surface equation and regression analysis of significant influencing factors, the effects of process parameters on wall thickness thinning are obtained: the thinning rate in the bridge arch bulging area decreases with increasing expansion core movement speed and axial auxiliary thrust, while the thinning rate in the crack-prone region increases. The optimization of the response surface model and the determination of the optimal process parameter combination, based on field production conditions, show that the numerical simulation results and the wall thickness measurements from process experiments are in close agreement. No cracks occur in the axle housing, and the thinning is effectively alleviated. In contrast, mechanical bulging without axial auxiliary thrust leads to cracks, thus validating the feasibility of the proposed process scheme and the effectiveness of the parameter optimization. This research provides valuable technical reference for upgrading the manufacturing technology of large-span axle-tube products. 

Keywords: Drive axle housing; Composite mechanical bulging; Bulging coefficient; Numerical simulation; Response surface method; Multi-objective optimization

1 Introduction

The drive axle is a key component of the chassis driving system for rear-wheel-drive commercial vehicles. In addition to bearing the weight of the vehicle body, it also plays a role in transmitting the vehicle’s driving power, as well as in deceleration and differential functions [1–3]. The drive axle housing, as the supporting body for the drive axle’s reducer, differential, and half shafts, is also connected to the rear wheels and the drive shaft at both ends and in the middle. During the operation of commercial vehicles, the drive axle housing continuously bears road reaction forces, torque, and various vibrations and impacts transmitted by the wheels. It is the core load-bearing part that ensures the proper functioning of the drive axle, and its quality largely determines the service life and driving safety of commercial vehicles [4–6]. However, the drive axle housing is a large-span, irregularly shaped, hollow shaft component with a complex shape and large mass, making its production and manufacturing extremely challenging. 

Currently, the mainstream drive axle housing products in the market are mostly produced using traditional casting
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and stamping-welding processes [7, 8]. Since the global economy has entered a new normal of slow development, the contradiction between overcapacity in the production of drive axle housing products in the main manufacturing countries and insufficient market demand has become increasingly prominent. The product structure and production processes urgently need to be adjusted and upgraded. This is mainly reflected in: casting-type axle housings being assembled from a cast axle housing body and forged half-shaft sleeves, resulting in large volume and weight, complex manufacturing processes, low yield, high material consumption, and long production cycles. These products cannot meet the lightweight requirements of automotive components, resulting in low market demand and production volume, with such housings primarily used in heavy-duty special vehicles; stamping-welded drive axle housings are made from steel plates, which are stamped into half-shells and then welded together. Afterward, the axle housing rear cover, reinforcement rings, axle heads, and spring seats are welded onto the housing to form the complete axle housing. Since the various parts of the stamped-welded axle housing are joined through welding processes, the presence of weld seams significantly limits the strength and rigidity of these housings. After long-term use, issues such as oil leakage and local fractures often arise, making them unsuitable for the development needs of heavy-duty commercial vehicles [9–14]. Furthermore, these traditional axle housing products have limitations in terms of performance, service life, and production line integration, which also restrict the implementation of energy-saving and emission-reduction policies in vehicle manufacturing [15, 16]. In recent years, as countries worldwide have placed increasing emphasis on vehicle lightweighting and green manufacturing, the concept of integrated structural design for automotive components, which balances lightness and safety, has been continuously deepened in the automotive manufacturing field. Meanwhile, domestic and international vehicle axle manufacturers have begun designing the next generation of commercial vehicle drive axles, and the manufacturing technology for drive axle housings has rapidly shifted from traditional overall casting and stamping-welding processes toward seamless steel tube integrated plastic forming, aiming to eliminate weld seams, reduce weight, and improve performance and service life [17–19]. 

New integrated drive axle housings have higher safety and reliability, meeting the development trend of lightweight vehicle structures, and will inevitably become the mainstream product to replace cast and welded axle housings. The development of the forming process has therefore become a research hotspot in the vehicle manufacturing industry, with the difficulty of achieving this technological concept lying in the expansion forming of the bridge arch section of the drive axle housing using seamless steel pipes as the raw material [20–23]. Although many scholars have proposed various methods for expanding the bridge arch of thick-walled drive axle housings and conducted a series of studies, the high cost of sample production, the lack of specialized power equipment, and the absence of matching automatic process transfer devices have led most research to focus on theoretical studies and numerical simulations, without forming a mature expansion forming process for drive axle housings. Few experimental verifications and pilot productions are publicly available. 

This paper focuses on the integrated manufacturing of drive axle housings and, based on the structural characteristics of the drive axle housing, proposes a new forming process using seamless steel pipes for mechanical expansion forming under the condition of axial auxiliary thrust. The process flow of the proposed composite mechanical expansion forming technology for drive axle housings is detailed. The analytical expression for the pipe billet expansion forming coefficient under this process is derived, and the influence of the matching relationship between the force parameters in different directions during the forming process on the forming coefficient is studied. Combining a certain model of commercial vehicle drive axle housing, numerical simulations, and process experiments are carried out to explore the optimization of the bridge arch forming process for medium-sized commercial vehicle drive axle housings. The response surface equation is established to explore the influence of key process parameters on the optimization objectives. The optimization targets include alleviating the thinning of the bridge arch wall and effectively preventing the tearing of the sidewalls at both ends of the preformed holes. The results of numerical simulations and process experiments are compared and analyzed, and the proposed forming process is analyzed and verified. Compared with traditional drive axle housing manufacturing technologies, the composite expansion forming technology proposed in this paper can promote the production mode of large, complex shaft-tube components from dispersed assembly to integrated manufacturing. It can greatly avoid the impact of weld seams on the performance of the axle housing, significantly improve the load-bearing capacity of the axle housing, and simplify the production process. While saving resources and reducing production costs, it significantly increases the service life of the axle housing. It also contributes to achieving overall heat treatment of the axle housing to strictly control product quality, thus providing an important reference for the innovation and breakthrough of commercial vehicle drive axle housing manufacturing technology. 

2 Composite Mechanical Expansion Forming Process for Drive Axle Housing The composite mechanical expansion forming process for the drive axle housing proposed in this paper uses square steel tubes as raw materials to complete the formation of the bridge arch. The detailed process flow is shown in Figure 1. Before the composite mechanical expansion of the bridge arch, two pre-set shaped through-holes need to be cut on the mutually parallel side surfaces of the tube billet in the middle section. Then, pre-expansion tapered 236
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mandrels are used to blind-punch the preformed through-holes, causing the two sides of the bridge arch to expand and form a space for accommodating the expansion mandrels. The composite mechanical expansion process, i.e., the inward radial expansion process of the bridge arch, involves using a braking device to drive the two expansion mandrels to move in the opposite direction along the radius of the bridge arch, while applying equal axial auxiliary thrusts to both ends of the tube billet. This causes the bridge arch section to expand to the required maximum radial size, thereby forming the curved hole. The role of the applied auxiliary thrust is to effectively alleviate stress concentration in the expansion area of the tube billet, preventing local tearing in the expansion zone while mainly focusing on radial expansion using the expansion mandrel. After the radial expansion is complete, the tube section containing the curved hole is heated to the recrystallization temperature of the steel tube material. The outward wall of the expansion area is then fully conformed to the mold through reverse reshaping by the radial and axial mandrels, thus achieving precise forming of the shape and dimensions. 

Unlike the mechanical expansion forming of heavy-duty commercial vehicle drive axle housings, the wall thickness of medium-sized vehicle drive axle housings is smaller. Therefore, prior to composite mechanical expansion, there is no need to preheat the expansion zone to high temperatures. The complete forming of the bridge arch is achieved through the reshaping phase after preheating, and no axial auxiliary thrust needs to be applied during the reshaping phase. It should be noted that the wall thickness distribution of the drive axle housing expansion zone has already formed during the composite mechanical expansion phase, and the impact of the internal reshaping mandrel’s compaction on the wall thickness distribution during the reshaping phase is minimal. Therefore, for medium-sized commercial vehicle drive axle housings, the composite mechanical expansion process remains the core stage of bridge arch forming. 

Figure 1. Main process flow diagram of composite mechanical expansion forming for drive axle housing 3 Mechanical Expansion Forming Coefficient of Square Steel Tubes

The ultimate expansion forming coefficient of the tube billet characterizes the maximum degree to which the expansion region of the square tube can be expanded under corresponding loading conditions and external environments. It is crucial for guiding the development of forming procedures. For tube billets with relatively large wall thickness, the central part of the steel tube needs to be heated to a temperature above the material’s recrystallization temperature before expansion. Existing research literature has indicated that under high-temperature conditions, the ultimate expansion ratio of metallic tubes should not exceed 2.5 [22]. For medium wall thickness or lower expansion degrees in the axle housing, expansion can be performed at room temperature or heated to below the material’s recrystallization temperature to meet the expansion requirements. However, there are no clear research results on determining the mechanical expansion forming coefficient of tube billets below the recrystallization temperature. 
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This paper focuses on the metal’s stress and strain during the composite mechanical expansion forming of the bridge arch, combining the conditions of metal plastic deformation and the material’s constitutive equation, and derives the expression for the ultimate forming coefficient of the tube billet composite mechanical expansion under conditions where deformation may cause work hardening, i.e., below the recrystallization temperature. 

The analysis of a unit body extracted from the inner wall deformation zone of the steel tube’s middle section is shown in Figure 2. Since the tube billet’s middle section is interrupted by preformed holes, the stress in the direction perpendicular to the plane of the figure can be neglected. Therefore, the stress distribution in the unit body consists of hoop stress σθ and radial stress σρ, which can be approximated as a plane stress state. Thus, its plasticity condition is: σ2 − σ

= σ2

θ

θ σp + σ2

ρ

s

(1)

According to the stress equilibrium condition, we obtain:

σρ · Rρ − σθ · f = 0

(2)

In this equation, Rρ is the curvature radius of the inner edge of the bridge arch, f is the wall thickness at this location of the bridge housing, and σs is the yield stress of the material. 

Most engineering metals, when undergoing large deformations below the recrystallization temperature, experience work hardening, and their true stress-strain curve approximates a parabolic shape. The true stress-strain curve of the material can be precisely expressed in a power law form [23]:

σs = B ∈n

(3)

From the empirical equation of the parabolic true stress-strain curve, the constants B and n can be obtained as: n = ϵb = ln (1 + δu) ; B = Yb/ϵϵb ; Y

b

b = σb (1 + δu)

Thus:

ϵn

σs = σb

(4)
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where, δu is the tensile strain of the material, and Yb and ϵb are the equivalent stress and logarithmic strain at the instability point on the stress-strain curve, respectively. 

Assuming that volume remains constant during plastic deformation, let ξ=ερ/εθ, introducing the equivalent strain equation [24], we get:

2 p
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1 + ξ + ξ2 · ϵθ

(5)
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Let the outer diameter of the bridge arch after expansion be Dt, and the outer diameter before expansion be Dt−1. 

For the material point at the maximum expansion position, we have:

ϵθ = ln (Dt/Dt−1)

(6)

Assuming that during radial mechanical expansion, the plastic strain and stress offset of the material point at the maximum expansion position of the bridge housing are proportional, we get: ϵ
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Since σθ ≤ Yb, the ultimate expansion coefficient K can be expressed as: v
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Figure 2. Schematic diagram of the extracted unit body and its stress state analysis 4 Force Matching in Composite Mechanical Expansion Forming

According to the forming principles of the process, the forming of the bridge housing occurs in the tube segment that includes the preformed hole in the middle section of the steel tube raw material, while the straight arm sections at both ends of the steel tube do not undergo plastic deformation. Therefore, the compressive stress on both ends of the steel tube must not exceed the true yield stress of the material at room temperature. If required, the expansion zone can be heated to a certain temperature before expansion, but below the material’s recrystallization temperature. 

Additionally, the deformation heat generated during the metal’s deformation process means that, whether heated or not, the temperature of the metal in the middle section of the tube billet will always be higher than that of the straight arm sections that do not participate in the expansion. Due to the effect of temperature, the yield stress of the metal in the expansion zone is much lower than that of the metal in the straight arm sections. Therefore, the value of the auxiliary thrust at both ends of the bridge housing during expansion can be determined: the absolute value of the compressive stress generated by the auxiliary thrust on the expansion section at the maximum expansion position of the bridge arch must not exceed the true yield stress of the metal material at that temperature. 

The axial auxiliary thrust is set as T . When the pipe blank expansion area is below the recrystallization temperature of the metal, the maximum hoop stress σθ of the material point at the maximum expansion location can be expressed as:

σθ = T /2S + σs

(11)

Let the expansion mandrel surface area be S0, and the single-side expansion load be Fb, then the radial stress σρ

during expansion can be expressed as:

σρ = Fb/S0

(12)

In the above equation, σs is the true yield stress of the bridge housing metal at the corresponding temperature, and the absolute value of Fp/2S and σρ must be less than σs, where S is the area of a single crosssection at the maximum expansion position and remains approximately unchanged during expansion. 

In the composite mechanical expansion forming process, the stress-strain states of the various points in the expansion zone are different. For most of the forming stage, the stress and strain states at the maximum expansion position of the bridge arch constrain the limit expansion amount of the expansion deformation. Therefore, by adjusting the auxiliary thrust and expansion force, and controlling the stress-strain state at the material point at the maximum expansion position, it is possible to regulate the limit expansion forming coefficient. From Eqs. (7), (8), and (10), the effects of the changes in σρ/σθ and ερ/εθ on the limit expansion forming coefficient during expansion below the recrystallization temperature can be obtained, as shown in Figure 3 and Figure 4. From the figures, it can be seen that, under the condition that the metal in the expansion zone is not torn, the higher the absolute value of the ratio of radial expansion stress to hoop stress and the ratio of radial strain to hoop strain, the higher the limit expansion forming coefficient. 
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Figure 3. Effect of σρ/σθ on the limit expansion forming coefficient Figure 4. Effect of ερ/εθ on the limit expansion forming coefficient 5 Numerical Simulation of Composite Mechanical Expansion Forming for Drive Axle Housing Figure 5 shows a schematic diagram of the bridge arch section of a 5t commercial vehicle drive axle housing, with a minimum wall thickness of 8 mm, and the cross-section of the straight arm section of the bridge arch being a square with a side length of 100 mm. Using the proposed process, the pre-expanded tube billet is taken as the initial end, and a finite element simulation is carried out using the DEFORM-3D software to simulate the expansion process of the bridge arch of the 5t commercial vehicle drive axle housing made from seamless square tubes at room temperature. 

Since the drive axle housing has axisymmetric shape characteristics, to improve computational efficiency, a 1/2

model of the bridge housing is used for the simulation. The tube billet material is medium-strength alloy structural steel 20Mn2, with a cross-sectional size specification of 100×100×8 mm. The area of a single cross-section at the maximum expansion position is about 1001 mm². According to the shape and size of the bridge housing, the area of the designed expansion mandrel surface is approximately 17966 mm². The radial motion rate of the expansion mandrel is 14.5 mm/s, and the friction coefficient between the mold and the tube billet is 0.12. The temperature of the

−

tube billet is room temperature, and the convective heat transfer coefficient is 0.02 N · (s · mm · ◦C) 1, with a heat transfer coefficient between the billet and the mold of 5. The numerical simulation model of the drive axle housing bridge arch formation is shown in Figure 6. Figure 6 below gives a numerical simulation model of drive axle housing bridge arch formation. 

To facilitate comparison of the effect of axial auxiliary thrust on the forming results, simulations were performed 240
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for both cases: one with no axial auxiliary thrust and one with auxiliary thrust applied after pre-expansion. If the applied thrust on the driving expansion mandrel is 41 tons and the lateral auxiliary thrust is 112 tons, using the limit expansion forming theory derived in this paper, the limit expansion forming coefficient of the square tube under these conditions is approximately 1.983. Taking 90% of this value, the forming coefficient during composite mechanical expansion is 1.785. After pre-expansion, the maximum radial dimension of the bridge housing is 170 mm. The expansion coefficient of 1.785 theoretically allows the expansion mandrel to complete the bridge arch expansion in one secondary expansion. 

Figure 5. Schematic diagram of the drive axle housing bridge arch section Figure 6. Finite element model of drive axle housing bridge arch forming The stress and strain distribution in the bridge arch section of the drive axle housing under both conditions is shown in Figure 7 and Figure 8. During the radial expansion of the bridge arch, the equivalent stress and equivalent strain are most concentrated at the location where the preformed hole’s two sides meet the straight arm section, where bending occurs (hereafter referred to as the crack-prone region). The reason for this is: at the beginning of the expansion, the expansion mandrel first contacts the inner wall of the expansion zone and forces it to move radially under the action of compressive stress, which also causes the opening angle at the preformed hole’s end to enlarge. Therefore, the equivalent stress is mainly concentrated at the contact point between the expansion zone and the expansion mandrel, as well as at the corner of the preformed hole at both ends. In the mid- to late stages of the expansion process, the working surface of the expansion mandrel has fully adhered to the inner wall of the expansion zone, and the equivalent stress gradually merges and spreads throughout the entire expansion zone. As the opening angle at the preformed hole’s end further enlarges, the equivalent stress becomes more concentrated at the corners of the preformed hole. During the forming process, the deformation mainly occurs at the corners of the preformed hole at both ends. As the expansion forming continues, the protrusions used for shaping on the expansion mandrel start to act on the inner edge of the preformed hole, leading to gradually increasing deformation at the region restricted by the protrusion on the inner edge. The top and side corners of the preformed hole, acting as stress concentration points, 241
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cause the adjacent metal to flow toward these two areas, which results in the metal in other parts of the expansion zone being stretched, while the inner corners of the preformed hole remain in a tensile stress state, causing the wall thickness in this region to decrease. When there is no axial auxiliary thrust, the maximum equivalent stress in the crack-prone region is 795 MPa, which exceeds the tensile strength of 20Mn2 material at room temperature (785 MPa), and it is theoretically determined that tearing has occurred in this region. However, with 41 tons of axial auxiliary thrust, the maximum equivalent stress in the crack-prone region is 758 MPa, indicating that no rupture has occurred, showing the significant role of applying axial auxiliary thrust in ensuring the product quality of the bridge shell. Thus, axial auxiliary thrust becomes a key process parameter in the composite mechanical expansion process for the bridge arch. 

Figure 7. Stress and strain distribution after expansion without axial thrust Figure 8. Stress and strain distribution after expansion with axial thrust In addition to checking whether the bending areas at both sides of the preformed hole have cracked, the reduction in wall thickness in the bridge arch expansion zone is also an important evaluation criterion for the shape quality of the drive axle housing. As shown in Figure 9, since the drive axle housing is symmetrically distributed, the 1/4

section of the bridge arch along the symmetry plane is taken for analysis. Starting from the top of the bridge arch after expansion, the wall thickness distribution along the cutting path a-b-c-d is studied to obtain the wall thickness reduction in the expansion zone at the end of the forming process. Under the condition of axial auxiliary thrust, the wall thickness distribution data along the a-b-c-d path of the bridge arch is shown in Table 1, and Figure 10
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presents the corresponding trend of wall thickness distribution. The minimum wall thickness is 6.83 mm, and the wall thickness reduction rate is 14.6%. The specific location of this reduction is at approximately 147 mm along the a-b-c-d curve, i.e., at point E in Figure 10. 

Figure 9. Schematic of bridge arch expansion zone cutting path Table 1. Wall thickness distribution data along a-b-c-d path of the bridge arch (mm) Arc Length

0

30

60

90

120

147

150

180

210

Wall Thickness

8.13

7.92

7.79

7.52

7.4

6.83

6.87

8.12

8

Figure 10. Wall thickness distribution in the bridge arch expansion zone 6 Key Parameter Determination and Orthogonal Experiment

Process parameters are crucial data in the manufacturing procedures of metal products. Researching and establishing reasonable process parameters is a necessary step in scientifically controlling the metal flow state, which is essential for effectively ensuring product forming quality [25–27]. At room temperature, the main process parameters involved in the composite mechanical expansion forming process of medium-sized commercial vehicle drive axle housings include: expansion mandrel movement speed v, axial auxiliary thrust T , and friction lubrication conditions µ. The friction in the production process involves the combined friction between the expansion mandrel and the inner wall of the steel tube, as well as between the outer wall of the steel tube and the inner wall of the die. During the expansion process, the contact area between the expansion mandrel and the die with the steel tube metal gradually 243

increases, and the confined forming space makes it difficult to apply lubrication repeatedly, causing the lubrication effect to be difficult to control precisely. Therefore, this paper focuses on the effects of expansion mandrel movement speed v and axial auxiliary thrust T on the wall thickness reduction degree η of the bridge arch and the wall thickness reduction degree β of the crack-prone region. Based on the tube blank specifications shown in Figure 5 and the limit expansion forming theory proposed in this paper, a 2-factor 5-level comprehensive simulation experimental plan was developed for these process parameters, as shown in Table 2. The simulation experiments were conducted based on the finite element model shown in Figure 6, and the results of the 25 experimental runs are shown in Table 3. 

Table 2. Process parameter level table

Level

Process Parameter

1

2

3

4

5

Expansion Mandrel Speed v/(mm/s)

5

10

15

20

25

Axial Auxiliary Thrust F/(t)

30

35

40

45

50

Table 3. Simulation experiment plan and results

Experiment

Process Parameters

Results

No. 

Crack-Prone Region

Expansion Mandrel

Axial Auxiliary

Bridge Arch Wall Thickness

Wall Thickness

Speed v (mm/s)

Thrust T (t)

Reduction Rate η (%)

Reduction Rate β (%)

1

5

30

16.48

31.81

2

5

35

15.11

31.38

3

5

40

14.71

31.37

4

5

45

13.71

31.04

5

5

50

13.05

31.45

6

10

30

16.14

31.46

7

10

35

14.94

31.82

8

10

40

14.20

31.78

9

10

45

13.51

31.50

10

10

50

11.23

31.47

11

15

30

15.93

31.61

12

15

35

14.85

31.93

13

15

40

13.85

32.03

14

15

45

13.31

32.08

15

15

50

10.05

32.15

16

20

30

15.69

32.25

17

20

35

14.71

32.25

18

20

40

13.69

32.31

19

20

45

12.85

32.32

20

20

50

9.79

32.31

21

25

30

15.30

32.18

22

25

35

13.90

32.66

23

25

40

13.48

32.67

24

25

45

12.64

32.67

25

25

50

7.04

32.69

7 Analysis of Orthogonal Experiment Results and Parameter Optimization Based on the simulation experiment data shown in Table 3, multivariate regression fitting of the relationships between the process parameters and the wall thickness reduction rates of the bridge arch and crack-prone region was performed using the second-order response surface method in MATLAB software. The parameter estimation results and variance analysis results of the regression equation are shown in Table 4 and Table 5. 

Based on the results of multivariate regression fitting, the regression equations for the bridge arch wall thickness reduction rate η and the crack-prone region wall thickness reduction rate β as functions of expansion mandrel speed v and axial auxiliary thrust T are shown in Eqs. (13) and (14), respectively. 

η =4.0968 + 0.2768v + 0.6941T − 0.0086vT − 0.0011v2 − 0.0103T 2

(13)

β =31.0163 − 0.0277v + 0.0317T + 0.0019vT + 0.0004v2 − 0.0007T 2

(14)
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Table 4. Bridge arch expansion zone wall thickness reduction rate regression equation parameter estimation and variance analysis results

Parameter Estimation

Variable

Estimated Value

Standard Error

p

Constant Term

4.0968

5.5658

0.4784

v

0.2768

0.1549

0.0898

T

0.6941

0.2774

0.0216

νT

-0.0086

0.0029

0.0073

v2

-0.0011

0.0034

0.7553

T 2

-0.0103

0.0034

0.0072

Variance Analysis

Source

Degrees of Freedom

Sum of Squares

F -value

p-value

Regression

5

104.087

40.7505

3e − 9

Residual

19

9.7007

Total

24

113.7294

Root Mean Square Error 0.7145; Determination Coefficient R2 = 0.9147

Mean of Dependent Variable 13.6064; Adjusted Determination Coefficient R2adj = 0.8923

Table 5. Crack-prone region wall thickness reduction rate regression equation parameter estimation and variance analysis results

Parameter Estimation

Variable

Estimated Value

Standard Error

p

Constant Term

31.0163

1.3681

0.0001

v

-0.0277

0.0374

0.4676

T

0.0317

0.0670

0.6419

νT

0.0019

0.0007

0.0140

v2

0.0004

0.0008

0.5999

T 2

-0.0007

0.0008

0.4123

Variance Analysis

Source

Degrees of Freedom

Sum of Squares

F -value

p-value

Regression

5

4.8013

32.2593

7e-9

Residual

19

0.5656

Total

24

5.3669

Root Mean Square Error 0.1725; Determination Coefficient R2 = 0.8946

Mean of Dependent Variable 31.9676; Adjusted Determination Coefficient R2adj = 0.866

In this paper, the determination coefficient R2 (or adjusted determination coefficient R2adj) is used to verify the accuracy of the regression Eqs. (13) and (14) in reflecting the relationship between the design variables and the objective function. That is, the closer the value of the determination coefficient R2 (or adjusted determination coefficient R2adj) is to 1 , the higher the fitting accuracy of the regression equation. When the p-value of the F -test for variance is less than 0.05, the linear relationship of the equation is considered significant. If the ppp-value is less than 0.01, the linear relationship is considered highly significant. As shown in Table 3, with R2 = 0.9147

and R2adj = 0.8923, both values are close to 1, and P = 3e − 9 < 0.01, indicating that the linear relationship of regression Eq. (13) is highly significant with high fitting accuracy. Similarly, in Table 5, with R2 = 0.8946 and R2adj = 0.8669, both values are also close to 1, and P = 7e − 9 < 0.01, confirming that the linear relationship of regression Eq. (14) is highly significant with high fitting accuracy. Therefore, the constructed response surface equations have high predictive accuracy and can well reflect the response relationship between influencing factors and the objective function. 

From the parameter estimation data in Table 4, the p-value corresponding to the expansion mandrel speed v is 0.0898 > 0.05, indicating that the effect of v on the bridge arch wall thickness reduction rate η is not significant. 

In Table 4, the p value corresponding to v is 0.4676 > 0.05, indicating that v also does not significantly affect the crack-prone region wall thickness reduction rate β. In Table 4, the p-value corresponding to axial auxiliary thrust T

is 0.0216 < 0.05, indicating that axial auxiliary thrust T has a significant effect on the bridge arch wall thickness reduction rate η. However, in Table 5, the p-value corresponding to axial auxiliary thrust T is 0.6419 > 0.05, suggesting that when the thrust is sufficiently large, T does not significantly affect the crack-prone region wall thickness reduction rate β. Using Origin software, response surface plots of the bridge arch wall thickness reduction rate η and crack-prone region wall thickness reduction rate β as functions of expansion mandrel speed v and axial auxiliary thrust T were plotted, as shown in Figure 11 and Figure 12. From Figure 11, it can be seen that the bridge 245
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arch wall thickness reduction rate decreases with increasing expansion mandrel speed and axial auxiliary thrust. 

Figure 12 shows that the crack-prone region wall thickness reduction rate β increases with increasing expansion mandrel speed and axial auxiliary thrust. 

Figure 11. Response surface of bridge arch wall thickness reduction rate as a function of expansion mandrel speed and axial auxiliary thrust

Figure 12. Response surface of crack-prone region wall thickness reduction rate as a function of expansion mandrel speed and axial auxiliary thrust

After the composite mechanical expansion, the smaller the wall thickness reduction rate η of the bridge arch expansion zone and the smaller the wall thickness reduction rate β of the crack-prone region, the higher the forming quality of the bridge shell. Therefore, the optimal evaluation criterion is the simultaneous minimum value of the wall thickness reduction rate and the crack-prone region wall thickness reduction rate. Based on the response surface model derived, the process parameters of the bridge arch composite mechanical expansion were optimized. This paper uses Design-Expert software to solve the response surface model and obtain the expected values of the model 246
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under different combinations of process parameters. The higher the expected value corresponding to a parameter combination, the better the predicted forming effect. According to the predicted expected values from largest to smallest, the top 5 parameter combinations are listed in Table 6. 

Table 6. Optimized parameter combinations

No. 

v/(mm/s)

T /t

η/%

β/%

Expected Value

1

18.2709

47.216

10.811

31.382

0.827

2

19.0865

46.3546

11.08

31.386

0.813

3

17.5817

46.8497

11.517

31.398

0.806

4

20.3091

46.0782

11.629

31.405

0.798

5

15.2197

44.0292

11.832

31.412

0.792

In combination with actual engineering, the process parameters with the highest expected value in Table 6 were rounded to integers, resulting in an expansion mandrel speed of 18 mm/s and an axial auxiliary thrust of 47 t. Using this rounded optimized parameter combination, numerical simulation was conducted again with the finite element model for the drive axle bridge arch forming, as shown in Figure 6. The minimum wall thickness in the bridge arch expansion zone was measured as 7.133 mm with a reduction rate of 10.832%, and the minimum wall thickness in the crack-prone region was 5.489 mm with a reduction rate of 31.389%. The simulation results were basically consistent with the optimized predicted results. The small numerical differences between the results were mainly due to parameter rounding and the uneven node distribution caused by the model meshing process, which led to slight differences in wall thickness measurements. Comparing with the original experimental data, the optimized parameters after rounding are within the experimental parameter range and have advantages in suppressing wall thickness reduction compared to other parameters of the same level, reflecting the effectiveness of the optimization. 

8 Experimental Verification

To verify the feasibility and parameter optimization effect of the proposed composite mechanical expansion process for the drive rear axle housing, a corresponding composite mechanical expansion mold and braking mechanism were designed, and experiments were conducted on a 1000kN/4000kN×2 multi-directional hydraulic press, as shown in Figure 5, for a 5-ton commercial vehicle drive rear axle housing. The material, specifications, and forming parameters of the seamless steel pipe were identical to those used in the numerical simulation. It is important to emphasize that during the radial expansion forming experiment, the movement of the expansion mandrel was driven by the braking wedge, and the rear side of the expansion mandrel had grooves to act as a guide rail to limit the movement of the braking wedge. In the experiment, the steel pipe with pre-made holes was first fixed in the mold. The hydraulic press slider was driven to push the pre-expansion wedge blind through the pre-made hole to form space for the expansion mandrel on both sides of the bridge arch. Then, the composite mechanical expansion experiment began, with the hydraulic press slider driving the braking wedge downward, causing the two expansion mandrels to move in reverse. 

When the expansion mandrels contacted the inner wall of the expansion zone, the oil cylinders on both sides of the hydraulic press applied axial auxiliary thrust to the two ends of the steel pipe until the expansion was complete. The experimental tooling is shown in Figure 13. 

Figure 13. Experimental tooling and forming process

As shown in Figure 14, after performing radial mechanical expansion without applying axial auxiliary thrust, cracks appeared at the areas where the expansion zone connected with the straight arm section, consistent with the 247
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numerical simulation results. Using the optimized process parameter combination, the formed drive rear axle housing specimen is shown in Figure 15. The forming effect of the specimen was good, and no tearing occurred in the crack-prone region, fully demonstrating the necessity of applying axial auxiliary loads to prevent tearing defects. 

Figure 14. Cracking of the bridge shell and cracks

Figure 15. Bridge shell specimen and wall thickness reduction in the fragile zone Table 7. Wall thickness distribution and error along path a-b-c-d of the bridge arch Arc Length /mm

Simulated Wall Thickness /mm

Measured Wall Thickness /mm

Error /mm

0

8.098

8.131

0.033

30

7.988

8.025

0.037

60

7.852

7.828

0.024

90

7.611

7.523

0.088

120

7.475

7.406

0.069

150

7.133

7.115

0.018

180

8.153

8.204

0.051

210

8

8

0

As mentioned earlier, a laser thickness gauge was used to measure the wall thickness distribution of the bridge arch expansion zone along the 1/4 arc segment. The measured wall thickness distribution was compared with the simulation results obtained using the optimized process parameters, as shown in Table 7. The measured minimum wall thickness was 7.115 mm, with a thinning rate of 11.057%. Figure 16 shows the corresponding specific wall thickness distribution trends. In addition, the measured minimum wall thickness in the fragile zone was 5.487 mm, with a thinning rate of 31.412%. 
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Figure 16. Comparison of measured wall thickness with numerical simulation wall thickness distribution in the bridge arch expansion zone

As shown in Figure 16, the continuous change in the internal wall’s compressive stress state during the expansion process causes the wall thickness to gradually decrease, with some slight fluctuations. The process emphasized here is a radial expansion process driven mainly by the expansion core’s motion, where the top of the arc face of the expansion core is in contact with the inner wall of the expansion zone. This causes the top of the inner wall of the bridge arch expansion zone to be subjected to greater compressive stress from the expansion core. Therefore, the top and side ends of the bridge arch expansion zone, where it connects with the straight arm section, are regions of relatively concentrated stress during the forming process. This leads to the adjacent metal flowing toward these two areas, thereby stretching the metal in other parts of the expansion zone. As the expansion process continues, the bending tendency at the junction of the bridge arch and the straight arm section on both sides increases. The particles in the bending region experience mutual extrusion to a certain extent, forming a thickening effect, which results in less thinning in the last part of the bending region. The areas where the inner wall of the expansion zone gradually contacts the expansion core are subject to compressive stress, so the thinning tendency gradually decreases. 

On the other hand, areas that have never contacted the expansion core and are not influenced by bending deformation experience the greatest stretching. From Figure 16, it can be observed that the wall thickness of the inner wall of the expansion zone that is in contact with the expansion core decreases approximately linearly from the top toward the side, while the wall thickness gradient increases sharply where it departs from the expansion core. The wall thickness increases significantly after the thinnest point and returns to its original value. In this experiment, the thinnest wall thickness occurs at about 150 mm along the arc length of the a-b-c-d path starting at point a in Figure 9. Point E is located at the critical region affected by the thickening effect due to bending deformation, where the thinning due to stretching is most pronounced. In addition, Figure 16 shows that the experimental wall thickness distribution closely matches the numerical simulation. The experimental results verify the feasibility of the proposed drive rear axle shell composite mechanical expansion forming process and the importance of axial auxiliary loads in improving the stress state of the expansion zone and preventing tensile fracture defects. Additionally, the results reflect the rationality of the process parameters, demonstrating that the optimized process data can serve as a reference for actual debugging. 

This has significant guiding value for the parameter control in the precision plastic forming process of commercial vehicle drive rear axle shells. 

9 Conclusions

(1) This paper proposes a new composite mechanical expansion forming process suitable for medium-sized commercial vehicle drive rear axle shells. The core process of this technology is to apply axial loads to both ends of seamless steel pipes during radial mechanical expansion. 

(2) The expression for the composite mechanical expansion coefficient of seamless steel pipe billets in the deformation zone under sub-recrystallization temperature conditions is derived. It reveals the relationship between the limit expansion forming coefficient and force matching in the expansion zone under the condition that the metal is not torn. The range of axial auxiliary loads during radial expansion is provided, where the absolute value of compressive stress generated by the auxiliary thrust at the vertical section of the maximum expansion area of the bridge arch shall not exceed the real yield stress of the metal material at that temperature. 
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(3) Under the premise of expansion driven mainly by the expansion core, axial auxiliary thrust does not alter the metal flow trend in the expansion zone, but it effectively alleviates stress concentration. The application of axial auxiliary loads is necessary to prevent tensile fracture defects during the radial expansion process. 

(4) Based on orthogonal simulation experimental design, the multi-objective optimization of the response surface is conducted to minimize the thinning rate of the bridge arch expansion zone and the fragile zone. The results show that the thinning rate of the bridge arch expansion zone decreases with an increase in the expansion core’s movement speed and axial auxiliary thrust, while the thinning rate of the fragile zone increases. However, the movement speed of the expansion core has little effect on both the bridge arch expansion zone and the fragile zone’s thinning rates. 

Axial auxiliary thrust significantly influences the thinning rate of the bridge arch expansion zone, but its effect on the thinning rate of the fragile zone is negligible when sufficiently large. 

(5) The multi-objective optimization model was solved, and the process parameters obtained for the site conditions were: expansion core movement speed of 18 mm/s and axial auxiliary thrust of 47 t. Numerical simulations and process experiments were conducted using the optimized process parameters for the 5t commercial vehicle drive rear axle shell. The measured results for wall thickness reduction in the bridge arch expansion zone and the fragile zone closely matched, while expansion without axial auxiliary thrust caused cracking. This validates the feasibility of the proposed drive rear axle shell composite mechanical expansion forming process and the optimization of the process parameters. 

In conclusion, this paper innovatively proposes a new composite mechanical expansion forming process for medium-sized commercial vehicle drive rear axle shells, revealing the relationship between the expansion coefficient and force matching through theoretical derivation. Multi-objective optimization was employed to reduce the thinning rate in the expansion zone, and the feasibility of the process and optimization of the process parameters were experimentally validated. This study can promote the shift of the commercial vehicle drive rear axle shell production model from decentralized assembly to overall manufacturing, improving production efficiency and quality. It also provides new ideas for the development of supporting production equipment through the integration of smart and automated technologies and offers valuable references for future research on deep exploration of component performance and fine-tuning of process parameters. 
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