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Abstract

Flow forming and flattening of welded tube provides a feasible way to form integral ultra-wide

blanks. The weld line deflection in flow forming, however, limits the effective size and material

utilization rate of the final integral blank. In this study, the characterization, mechanism and control of

weld line deflection are investigated via finite element (FE) simulation and experiment. First, a FE

model considering the difference of deformation behavior between weld and parent metal is established

and validated for flow forming of an aluminum alloy welded tube. Both the simulation and experiment

results show that the weld line is deflected to a helix with the helix orientation being contrary to that of

the helical trajectory of roller on workpiece. This weld deflection is a combined result of the shear

deformation in  -z and r- planes ( -circumferential, r-radial, z-axial) in forming region. The shear

deformation in -z plane is nearly the simple shear mode, which is the essential reason for weld line

deflection. The shear strain   z is almost equal to the helix angle of deflected weld line, which is

defined as the deflection angle for evaluation of the deflection degree. The shear deformation in r-

plane (r ) results in a little difference on the circumferential deflection distance between the inner and

outer surface of tube, but makes a little bit difference on the deflection angles of two surfaces.

Reduction (ψt) and feed rate (f) are the first and second significant factor for deflection angle,

respectively. z and deflection angle are increased with ψ and f. To convert the deflected weld line

to straight, conducting spinning pass with an opposite mandrel rotation direction to the first pass is

feasible. However, rigorous processing design is required to adjust to the deflection angle, which is a
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difficult and tedious process. To this end, a new method by applying circumferential constraint on

workpiece is proposed to control the deflection, which possesses higher efficiency and better

universality. On the other hand, it is interesting to find that the circumferential deflection is an intrinsic

phenomenon in the flow forming of tubes, whether there exists the weld line or not. It means that the

above results provide well explanation and control method for the intrinsic circumferential deflection

(or called as twisting) in the flow forming.

Too tedious and did not give the impact! Why you need to do this rsearch?
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1. Introduction

With the rapid developments of high-end equipment in aerospace, the scales of its key components

are getting larger and larger to satisfy the demands of large capacity and long range. For example, the

aluminum alloy large-scale head of pressure vessels in the latest heavy lift launch vehicle is greater

than 5m. The integral plastic forming process, such as spinning, presents unique advantages of high

quality, simple tooling, and high efficiency to form these components (Kwiatkowski et al., 2013).

However, it is difficult to obtain high quality initial integral blank with large size in this order by

rolling directly, which limits the high-performance plastic forming of these large-scale components.

Fortunately, a three-step integrated process with coil welding, flow forming and flattening provides a

feasible way to form the large-scale integral blank. In this process, the thick plate is first coil welded

into a welded tube, then flow formed getting thinner and longer, and finally cut along the weld line and

flatten to blank, as shown in Fig. 1. Specially, flow forming of welded tube is the most crucial step,

which greatly determine the geometrical size and forming quality of the final blank.

Fig. 1 The schematic of three-step integrated process with coil welding, flow forming and flattening for

forming large-scale integral blank.

In the flow forming of tube, the material undergoes complicated axial and circumferential

deformation, which makes the workpiece generate a certain degree of twisting while being elongated
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(Mohebbi et al., 2010). For welded tube, this may result in the weld line deflection, which then

determines the geometry of blank after cutting and flattening. Serious deflection will cause a reduction

in material utilization rate and limit the effective size of produced integral blank. Essentially, the

deflection characteristics and degree are related to the axial and circumferential deformation behaviors,

which are greatly affected by the material and processing parameters. In addition, the different

deformation behaviors between weld and parent metal may intensify the deformation inhomogeneity

and affect the axial and circumferential deformation behaviors. This may further bring complex effects

on the weld line deflection. Therefore, it is critical to investigate the formation mechanism and control

method of weld line deflection in the flow forming of welded tube.

At present, there have been lots of researches conducted on the deformation characteristics during

flow forming. It has been reported that the forming region is subjected to three-dimensional

compressive stress during flow forming (Zhang et al., 2017). The material mainly undergoes

compression deformation in the radial direction and tensile deformation in the axial and circumferential

directions (Mohebbi et al., 2010). Shinde et al. (2016) developed a FE model and investigated the

effects of processing parameters on the plastic stress, strain and spinning force in the flow spinning of

maraging steel tube. Xu et al. (2016) found that the non-uniform roller distribution will lead to the

non-periodic variation of stress distribution along circumferential direction in flow forming. And, the

number of roller and the included angle between them have a significant influence on the spinning

force. Xue et al. (2001) investigated the dependence of circumferential strain on flow forming

parameters and found that the circumferential deformation degree increases with the decrease of roller

attack angle and the increases of feed ratio, blank wall thickness and reduction rate. However, little of

these works focus on the mechanism and rules of tube twisting in flow forming. Moreover, the uneven

material properties of welded tube may lead to different deformation characteristics and more complex

twisting behavior compared to the above works on homogeneous tube.

On the other hand, some works have been conducted on the deformation characteristics and weld

line movement in the plastic forming of tailor welded blank. Heo et al. (2001) characterized the weld

line movement in the deep drawing of SPC1 alloy tailor welded blank, and quantitatively investigated

the effect of drawbead dimension on the weld line movement. Liu et al. (2016) and Wang et al. (2017)

studied the weld line movement and strain distribution under different forming conditions in the hot

stamping of AA6082 tailor welded blanks. It is concluded that the movement displacement of weld line
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increases with the thickness ratio increasing. Zhang (2012) has investigated the influences of forming

temperature, radius of the concave and convex mold, friction coefficient and clamping gap on weld line

movement in V-shaped free bending. However, the characteristics of deformation and weld line

movement in flow forming are quite different from those in stamping and deep drawing. Thus, it is

needed to conduct deep investigations on the characterization, formation mechanism and control

method of weld line deflection in the flow forming of welded tube.

In this study, a FE model considering the difference in deformation behavior between weld and

parent metal was first developed and validated for the flow forming of an aluminum alloy welded tube.

Then, the weld line deflection characteristics, mechanisms and their dependences on the processing

parameters were quantitatively analyzed. Moreover, two control methods with different ideas for the

weld line deflection were proposed and compared. The results will deepen the understanding on weld

line deflection and provide guidance for its control in the flow forming of welded tube.

2. FE model and experiment of flow forming of welded tube

To reveal the mechanisms and rules of weld line deflection in flow forming of welded tube, FE

simulation was employed, as it can conveniently reveal the instantaneous deformation and flow of

material (Fu, 2016). In this section, the FE modelling of flow forming of an aluminum alloy welded

tube and its experimental validation is described.

2.1 FE modelling

In this work, a 3D-elastic-plastic FE model of flow forming of welded tube was established, as

shown in Fig. 2. The blank is the 2219 aluminum alloy welded tube by the friction stir welding. The

distribution of weld line is shown in Fig. 2, whose width is determined to be 14mm through

microhardness and metallographic tests. The constitutive behaviors of parent metal and weld were

measured through the tensile test and well fitted by Hollomon equation (eq. (1)):

nK  (1)

where K is strengthening coefficient, n is hardening exponent. Table 1 lists the determined material

parameters of parent metal and weld, which were input into the FE model. The local cylindrical

coordinate system (radial-r, circumferential-, axial-z) is set to define material orientation and describe

the deformation state and material flow. The welded tube is set as a deformable body and meshed by an

8-node reduced integration brick element. Four layer elements are adopted along the thickness
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direction of tube blank, which are sufficient to model the deformation characteristics in thickness

direction during flow forming (Yang et al., 2010). The roller and mandrel are set as rigid body. The

Coulomb’s friction model is used to represent the friction between tube blank and tools. The friction

coefficients between blank and mandrel, and blank and roller are set as 0.1 and 0.05, respectively.

During flow forming, the tube blank is tied with the mandrel at the bottom end. While, two rollers

counterclockwise revolves around the workpiece and feed at a constant speed along the axial direction

at the same time. Thus, the movement trajectory of roller on workpiece is a right-handed helix, as

indicated by the black line in Fig.2. The detailed forming parameters are given in Table 2.

Fig. 2 3D elastic-plastic FE model for flow forming of welded tube.

Table 1 Material parameters of parent metal and weld in 2219 aluminum alloy welded tube.

Parameter Parent metal Weld

Young’s modulus E (MPa) 57087 62884
Yield strength σs (MPa)
Strengthening coefficient K (MPa)
Hardening exponent n

86.67
252.86
0.165

79.63
355.27
0.216

Table 2 Detailed forming parameters in FE model and experiment.

Forming parameters Values
Blank
Inner diameter (mm)
Wall thickness (mm)
Initial length (mm)

324
6
110

Roller
Roller fillet radii (mm)
Attack angle αR (°)
Smoothing angle (°)

10
30
60

Forming conditions
Feed rate f (mm/r)
Reduction ψt (%)
Rotation speed (r/min)

1
25
90
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2.2 Experimental validation of FE model

In order to verify the reliability of FE model, the flow forming experiment of welded tube was

conducted on a CZ900/2CNC spinning machine, as shown in Fig. 3. The forming parameters in

experiment are the same as those in FE simulation (Table 2). It should be noted that the relative rotation

between roller and workpiece is realized by the clockwise rotation of workpiece in experiment, which

is different to the revolution of rollers in FE model. However, the helical trajectory of roller on

workpiece is the same for two conditions.

Fig. 3 Set-up for flow forming experiments on a CZ900/2CNC spinning machine.

Fig. 4 shows the comparison of spun tubes obtained by experiment and simulation. It can be seen

that the deformed weld shapes (indicated by red lines) in experiment and simulation are very close.

Besides, the weld line movement was quantitatively evaluated by its circumferential deflection distance

relative to the initial position. Here, looking from top to bottom, the counterclockwise deflection

direction is defined as the positive direction. Fig. 5(a) shows the measured deflection distances of inner

and outer surfaces of tube at different axial heights. The average relative errors between experimental

and simulated deflection distance of the inner and outer surfaces are 4.58% and 3.59%, respectively. In

addition, the wall thickness distribution along the circumferential direction in a circle was also

measured and compared in Fig. 5(b). It can be seen that the wall thickness distribution in simulation is

very close to the experiment result with the maximum relative error of 1.86%. These comparisons

prove that the established FE model is reliable, which can be employed to investigate the mechanism

and rules of weld line deflection.
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Fig. 4 Spinning formed welded tubes: (a) experimental result; (b) FE simulation result.

Fig. 5 Comparisons of the circumferential deflection distance of weld line (a) and wall thickness

distribution (b) between experimental and FE simulation results.

3. Weld line deflection in the flow forming of welded tube

In this section, the point tracking method is applied to capture the development process and

characteristics of weld line deflection. The shape and degree of deflected weld line are described.

Moreover, underling mechanism of deflection is revealed by analyzing the deformation characteristics

during flow forming.

3.1 Deflection characteristics

The tracked points distribute at the middle axial section of weld at a certain axial height, as shown in

Fig. 6(a). Their circumferential displacement variations with forming time are given in Fig. 6(b). It can

be divided into three stages: unformed stage, forming stage and formed stage, which right correspond

to the tracked points locating in unformed region, forming region and formed region (shown in Fig. 7),

respectively. In the unformed stage, the tracked points move along the negative direction and their

displacements gradually increase with forming process at a constant speed v, as shown in Fig. 6(b).

And, the points at different thickness present little difference on deflection displacements. Meanwhile,

it can be found from Fig. 7 that the weld line is a vertical line in the unformed region, whose deflection

distance keeps constant with the variation of axial height. These indicate that the weld line in unformed

region deflects along the negative direction as a whole, which is opposite to the direction of roller

revolution. When the points enter the forming stage, i.e., the forming region, the negative deflection

displacement keeps increasing and reaches to the maximum value in the early stage, where the growth

rate gets smaller and smaller. Then, the movement direction of these points changes to the positive
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direction, which means the deflection distance decreases to some extent. In addition, the displacement

change in positive direction gradually decreases from the outer surface to inner surface and approaches

0 at the inner surface. The weld line in forming region is a tilted line connecting the unformed region

and formed region, as shown in Fig. 7. In the formed stage, the tracked points locate in the formed

region. Their movements are not affected by the roller loading action and keep constant, as shown in

Fig. 6(b).

Fig. 6 Schematic of the position of tracked points (a) and their circumferential displacement variation

during forming process (b).

Fig. 7 The weld shape at a typical moment during the flow forming.

Fig. 8 shows the variation of circumferential deflection distance of the final deformed weld line, i.e.,

the weld line in stable formed region, with axial height. It can be seen that the deflection distances at

outer and inner surfaces both increases linearly with the axial height, which suggest that the deformed

weld line become a helix. The helix angle  is defined as deflection angle to evaluate the deflection

degree in this work. In addition, it also can be seen that the deflection distance of the inner surface is

S larger than that of the outer surface. While, deflection angles of inner and outer surface are the same,

which is inferred from the same slopes of two lines in Fig. 8.
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Fig. 8 Variation of the circumferential deflection distance with axial height in the stable formed region.

From the above analyses, it can be concluded that the deflection was mainly displayed in the

opposite rotation of unformed region relative to the direction of roller revolution (Fig. 2). However, this

is a rigid rotation of free end in workpiece without any accelerated speed, which indicates that it is a

passive movement. Actually, the deflection stems from the deformation in forming region, which will

be explained in detail in Section 3.2. In the formed region, the weld line does not move any more.

Ultimately, the deformed weld line becomes a helix with the helix orientation being contrary to that of

helical trajectory of roller. And the deflection distance at inner surface is a little larger than that of the

outer surface, while, the deflection angles of weld line at inner and outer surfaces are the same.

3.2 Deflection mechanisms

As described in Section 1, the forming region is mainly subjected to three-dimensional compressive

stress, and whose deformation state is usually simplified as the compression strain in the radial

direction and tensile strain in the axial and circumferential directions during flow forming (Xu et al.

2001). In practice, there is still considerable shear deformation in r- , r-z and -z planes, which may

also affect the forming results. Shan et al. (2009) found that the combination of shear and compression

deformation results in the distorted grain morphology in flow forming of TA15 titanium alloy. In

addition, Wang et al. (2018) revealed that the shear deformation in r- and r-z planes can promote the

grain refinement. However, the effect of shear deformation on the macro forming characteristics have

not attracted enough attentions. From geometry, the shear strain   z in  -z plane is related to the

deformation on plane of deflection, which may be responsible for the deflection of weld line. Thus, the

evolution of shear strain  z of a point on the inner surface (Point 1) and a point on the outer surface

(Point 5) in Fig. 6(a) during flow forming were tracked and given in Fig. 9. It can be seen from Fig. 9

that   z keeps 0 in the unformed stage. In the forming stage, the material first undergoes a negative
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shear deformation process reaching a large shear strain -1 in the early stage. While, an opposite shear

deformation process with the shear strain of 2 a little smaller than 1 is followed, which will offset the

early negative shear strain to some extent. Finally, a negative  z ( 2- 1) is generated after forming

stage and doses not vary any more in the formed stage.

Fig. 9 Evolutions of z and element shape of tracked points during the flow forming process.

To graphically understand the evolution of   z, the shape variation of typical element at the outer

surface is also shown in Fig. 9 as an example. It is observed along the negative r-axis at five typical

times (T1~T5 in Fig. 9). It can be found that the element distorts from a rectangle to a parallelogram in

 -z plane during the forming stage. Similar to the variation trend of   z, the distortion degree first

increases and then decreases to some extent. Besides, it can be seen that the top and bottom sides of

element nearly keeps horizontal in the whole process, which suggests that the shear deformation in -z

plane is close to the simple shear mode (Thiel et al., 2019). The final shear angleβ(depicted in Fig. 10)

is approximately equals to the z (0.16) after forming stage. Moreover, it is interesting to note that they

are right equal to the deflection angle of weld line (0.14, expressed in radian). Their equality relation

indicates that the approximate simple shear deformation in -z plane is right the underlying reason for

the deflection of weld line.
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Fig. 10 The shear angle β of final element shape in Fig. 9.

As described above, the material experiences two stages of shear deformation in two opposite

directions during forming stage. This means that there exist two feature regions presenting different

deformation characteristics in the rolling action region, i.e., the forming region. Fig. 11 illustrates the

contour of increment of z (z) in a short time in the roller action region, which corresponds to the

process of a roller moving from Position A to Position B. It can be seen that the material in front of

roller (Region 1) undergoes a negative   z, while the material under roller (Region 2) undergoes a

positive   z. The negative shear deformation in Region 1 just drives the unformed region rotating

rigidly and then generates the deflection of weld line. In Region 2, the positive shear deformation

occurs, which reduces the magnitude of z (Fig. 9) and the circumferential displacement of weld line

(Fig. 6) to some extent.

Fig. 11 Increment of z contour in the roller action region. A-the initial position of roller, B-the end

position.

Another hand, we can find from Fig. 9 that the shear deformation degrees of two stages 1 and 2 at

outer surface are both greater than those at inner surface, however, the final   z after forming stage

varies little with the thickness position. Thus, it can not explain the difference of deflection distance

between the inner and outer surfaces (S in Fig. 8). To reveal the reason, the deformation and shear

strain r in the r- section across the weld line were analyzed, as shown in Fig. 12. It can be seen that a

significant shear deformation is produced and the shear strain  r decreases from the outer surface to
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the inner surface gradually. Compared with the initial element geometry (gray dotted line), the

elements are greatly inclined by the shear deformation. Considering the circumferential position, the

outer surface deviates 2.24mm relative to the inner surface after deformation, which is exactly close to

the above  S (2.44mm). Therefore, it can be concluded that the difference of deflection distance

between inner and outer surfaces is attributed to the shear deformation in r- section (r).

Fig. 12 Deformation and shear strain r in the r- section across weld line.

The above analyses suggest the weld line deflection are caused by the synthetical effects of shear

deformation in -z and r- planes. The simple shear deformation in -z plane in the forming region is

the essential reason for the weld line deflection. The final deflection angle nearly equals to the shear

strain z, which is the result of two stages of shear deformation in the opposite directions. Besides, the

shear deformation in r- plane (r) results in the difference of deflection distance between the inner

and outer surfaces. While, the deflection angles of weld line at inner and outer surfaces are the same.

On the other hand, the flow forming of homogeneous tube without weld was also conduced as

comparison to investigate the influence of inhomogeneous material on deflection. Fig. 13 shows the

circumferential displacement of tracked points on both of homogeneous and welded tubes. It can be

found that their curves are nearly the same, which suggests that the existence of weld line has little

effect on the circumferential flow of material. This is because the weld is very narrow relative to the

parent metal for large diameter tube. The effect of different material properties of weld on the

circumferential deformation characteristic of the whole tube can be negligible. Moreover, we can draw

a conclusion that the circumferential deflection is an intrinsic phenomenon in the flow forming, which
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is right the twisting observed by Mohebbi et al., (2010). It is just obviously displayed as the deflection

of weld line in the flow forming of welded tubes. That is to say, the circumferential deflection (or

called as twisting), an intrinsic phenomenon in the flow forming of tube, is well explained in this work.

Fig. 13 The circumferential displacement curves of tracked points on welded and homogeneous tubes.

3.3 Effects of processing parameters on the weld line deflection

As analyzed above, the weld line deflection is caused by the shear deformation in -z plane and the

deflection angle (helix angle ) is determined by the final shear strain z after forming stage. During

forming process, the processing parameters, such as the reduction (ψt), feed rate (f) and attack angle

(αR), may affect the shear deformation in -z plane, thus present significant impacts on the deflection

angle. In this section, the effects of processing parameters on the shear strain z and deflection angle

were investigated by the combination of FE simulation and orthogonal experiment design. The

orthogonal experiment design is a widely used sampling strategy, which can study the effect of many

factors simultaneously in a single set of experiments with much fewer experiments (Shen et al., 2016).

The L9(34) matrix was used in this work. The considered factors and their levels are given in Table 3,

and the designed experiment schemes are shown in Table 4. After simulation, the results of deflection

angle, 1 and 2 at outer surface were obtained and listed in Table 4.

Table 3 Factors and levels of orthogonal experiment.

Factors Level 1 Level 2 Level 3

Factor A
Reduction ψt (%) 15 30 45

Factor B
Feed rate f (mm/r) 2/3 1 4/3
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Factor C
Attack angle αR (°) 20 25 30

Table 4 Orthogonal experiment schemes and simulated results of weld line deflection.

No. ψt (%) f (mm/r) αR (°) Deflection angle (°) 1 2

1 15 2/3 20 4.32 0.218 0.145
2 15 1 25 4.12 0.245 0.177
3 15 4/3 30 4.31 0.261 0.190
4 30 1 30 11.48 0.461 0.278
5 30 4/3 20 11.152 0.476 0.262
6 30 2/3 25 9.646 0.414 0.230
7 45 4/3 25 18.32 0.782 0.387
8 45 2/3 30 13.93 0.642 0.382
9 45 1 20 13.52 0.680 0.430

The range analysis is applied to study the effect significance and law of factors on the target value.

There are two important parameters in a range analysis, i.e., Kji and Rj, whose detailed calculation

processes can be found in the work of Wu et al. (2011). Fig. 14 shows the range analysis results on the

deflection angle. Comparing the range values of different factors (Fig. 14(a)), it can be found that ψt is

the most significant factor for deflection angle and f is the second significant factor. It can be observed

from Fig. 14(b) that both of the increases of ψ and f will increase the deflection angle. This is because

the increases of ψt and f need larger roller action force, which will intensify the propelling effect of

roller and then improve the shear deformation in -z plane. As shown in Figs. 15 and 16, both of 1 and

2 are mainly affected by ψt, which increase with ψt and f. It should be noted that the magnitude of final

shear strain (1-2) also increases with ψt and f. Thus, the deflection angle increases with ψt and f.

Fig. 14 Range analysis results on the weld line deflection degree: (a) range values of different factors;

(b) the relationship between deflection degree and levels of different factors.
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Fig. 15 Range analysis results on the negative shear 1: (a) range values of different factors; (b) the

relationship between 1 and levels of different factors.

Fig. 16 Range analysis results on the positive shear 2: (a) range values of different factors; (b) the

relationship between 2 and levels of different factors.

4. Control method of weld line deflection

Controlling the weld line deflection is of great significance to improve the material utilization and

enlarges the effective size in manufacturing large-scale integral blank by the three-step integrated

process (Fig. 1). As described in Section 3, the shear deformation in -z plane is the essential reason

responsible for the weld line deflection. Thus, how to eliminate the shear strain z is the key problem

for controlling the weld line deflection. To this end, two methods with different ideas will be

introduced as follows.

4.1 Control by two-pass spinning with reverse rotation directions

The main idea of this method is conducting two spinning passes with opposite rotation directions of

workpiece to obtain opposite shear deformation, thus the shear strains and deflections in two passes can

be canceled out, as shown in Fig. 17.
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Fig. 17 The schematic of controlling the weld line deflection by two-pass spinning with reverse rotation

direction.

The key of this approach is achieving the same magnitude of deflection angle in two spinning passes.

As mentioned in Section 3.3, the weld deflection angle is strongly dependent on the processing

parameters such as the reduction (ψt), feed rate (f), billet geometry and roller geometry, etc. Due to the

coupling effects of these processing parameters, it is difficult to establish a quantitative prediction

model of deflection angle, which brings great challenge to control the deflection angle by adjusting

processing parameters. In order to straighten the weld line, it is necessary to conduct repeated trial and

error to obtain suitable matching of parameters in two spinning passes. In addition, once the material

and geometry of target component were changed, the processing parameters in two spinning passes

must be determined again. As a result, this approach requires at least two spinning passes and laborious

processing design, moreover, presents poor universality. Thus, this is a feasible but not preferred

method to control the weld line deflection.

4.2 Control by applying circumferential constraint on the workpiece

To overcome the disadvantages of complexity and poor universality of the above method, we

propose a new convenient method. Its main idea is controlling the circumferential deflection by a

mechanical constraint directly. As shown in Fig. 18(a), the tube tail is constrained in circumferential

direction by a clamping device in this method, which is different from the normal flow forming with

tube tail being in free state. Here, we call this new type of flow forming as circumferential-constrained

flow forming.
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Fig. 18 The schematic (a) and FE model (b) of controlling the weld line deflection by applying

circumferential constraint on the workpiece.

To analyze the roles of circumferential constraint in deformation characteristics and weld line

deflection, the FE model of circumferential-constrained flow forming was developed, as shown in Fig.

18(b). Except for the circumferential constraint at tube tail, all the FE modelling parameters are the

same as those of the normal FE model (Section 2.1). Fig. 19 compares the typical shear strain   z

evolutions of a certain tracked point in the circumferential-constrained and normal non-constrained

flow forming. It can be seen that both of them experience two stages of shear deformation in -z plane

in the opposite directions during forming stage. And the durations of the negative and positive shear

deformation processes are both the same for two conditions. However, the magnitudes of the negative

and positive shear strain (1
' and 2

' ) are almost equal at the circumferential-constrained condition.

They cancel each other out leaving the z after forming stage approach 0, which is quite different from

that of non-constrained condition. This is because whether the tracked point locates in the negative or

positive shear deformation region, their constraints at the far-end of tube are almost the same. Thus,

very close magnitudes of the negative and positive shear strain are achieved. This means that the

straight weld line can be obtained after circumferential-constrained flow forming. Fig. 20 shows the

simulated forming results after a single-pass spinning to 30% reduction under

circumferential-constrained and normal non-constrained conditions, respectively. It can be seen that a

straight weld line is obtained under circumferential-constrained flow forming (Fig. 20(a)). While, the

weld line is severely deflected 9.63° after the normal flow forming, whose circumferential deflection

distance reaches 67.26mm when the spinning length of tube is 400mm. In addition, it can be seen from

the comparison in Fig. 20 that no detrimental results are produced due to the circumferential constraint
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on workpiece. These results validate the proposed new method to control the weld line deflection.

Fig. 19 Typical shear strain z evolutions of a certain tracked point in the circumferential-constrained

and normal non-constrained flow forming.

Fig. 20 Forming results after single-pass spinning to 30% reduction under different conditions: (a)

circumferential-constrained; (b) normal non-constrained.

As for the clamping device to apply circumferential constraint, there may be many feasible schemes.

In this work, we propose a scheme shown in Fig. 21. Its main feature is fixing the tube tail with a chuck

and then fixing the chuck to two axial guideways in mandrel to restrict its circumferential rotation.

During deformation, the tube can be elongated through the axial movement of guideways but restricted

in the circumferential direction, which provides a feasible scheme to apply circumferential constraint

on the tube tail.
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Fig. 21 Schematic of the designed clamping device to apply circumferential constraint on the tube tail.

The above analyses suggest that the proposed control method by applying circumferential constraint

can change the circumferential deformation characteristics and thus eliminate the shear strain  z and

weld line deflection during flow forming. Moreover, it is realized by mechanical constraint device, thus

does not depend on the processing parameters, which can avoid the tedious processing design.

Meanwhile, the circumferential-constrained method can eliminate the weld line deflection in single

spinning pass for tubes with various materials and geometries. These characteristics make the

circumferential-constrained flow forming become a preferred method with high efficiency and good

universality for controlling the weld line deflection.

5. Conclusions

In this paper, the characterization, mechanism and control method of weld line deflection in the flow

forming of an aluminum alloy welded tube were investigated. The following conclusions can be drawn:

(1) During flow forming, the weld line was deflected and mainly displayed in the rigid rotation of

unformed region. Finally, the deformed weld line turns into a helix with the reverse helix orientation

relative to the helical trajectory of roller on workpiece. The helix angle can be defined as deflection

angle to evaluate the deflection degree.

(2) The weld line deflection is caused by the synthetical effects of shear deformation in -z and r-

planes. The simple shear deformation in -z plane in forming region is the underlying reason for weld

line deflection. The shear strain z nearly equals to the deflection angle. The shear deformation in r-

plane (r) leads to the deflection distance at inner surface a little larger than that of outer surface, but

makes little difference on the deflection angles of two surfaces. Reduction and feed rate are the first
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and second significant factor for the deflection angle of weld line, while the attack angle has little effect.

The deflection angle increases with the reduction and feed rate.

(3) Conducting two-pass spinning with the reverse rotation directions of workpiece is feasible to

obtain opposite shear deformation in  -z plane. Moreover, through rigorous processing design, the

shear strain   z in two passes can be canceled out leaving a straight weld line. A more convenient

method by applying circumferential constraint on the tube tail is proposed to control the deflection.

It can change the circumferential deformation characteristics, thus eliminate the shear strain   z and

deflection in single spinning pass for tubes with various materials and geometries. Comparatively, the

second method possesses higher efficiency and better universality.

(4) The existence of weld line has little effect on the circumferential deflection comparing to the

homogeneous tube, which suggests the circumferential deflection is an intrinsic phenomenon in the

flow forming of tubes. Thus, the results provide well explanation and control method for the intrinsic

circumferential deflection (or called as twisting) in the flow forming.
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