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Abstract
In this paper, it was analyzed that the friction forces that affected the material flow were influenced by the friction coefficient 
and the load path of internal pressure and feeding in T-shaped tube hydroforming process. Therefore, a novel differential 
lubrication method was proposed to adjust the material flow through changing the friction coefficient in the asymmetric 
zone in the T-shaped tube besides the loading path design method. The differential lubrication zones in T-shaped tube were 
divided, and a method called intermediate semiring differential lubrication was designed. The effects of differential lubrica-
tion and traditional uniform lubrication methods on the wrinkle, height of branch tube and wall thickness distribution of 
the T-tube were investigated under the same loading path of internal pressure and axial feeding. Meanwhile, the differential 
lubrication methods were also simulated under the different loading paths of the internal pressure and axial feeding. The 
differential lubrication experiments of T-shaped tubes hydroforming were carried out with fluorosilicone grease and PEFT 
film as lubrication medium. The simulation and experimental results showed that the differential lubrication method more 
effectively avoided wrinkles in the back zone of the main tube, increased the height of branch tube and weakened the thick-
ening than the traditional uniform lubrication method. And it was a promising way to improve the formability of T-shaped 
tube hydroforming and reduced the over-reliance on the loading path.
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1  Introduction

Tube hydroforming technology is widely used in the manu-
facturing industry, because of its obvious advantages com-
pared to other stamping-based processes [1]. The principle 
of hydroforming is to form various complicated thin-walled 
hollow section parts by the combined action of mechani-
cal load and hydrostatic internal pressure [2]. The tube 
hydroforming can achieve weight reduction about 15–30% 
over conventionally manufactured components and greatly 
improve the stiffness and fatigue strength of the parts [3, 4]. 
Therefore, a large number of tubes with complex profiles and 
various cross sections were manufactured and applied with 
tube hydroforming process, especially in the automotive and 
aircraft industries [5, 6].

In order to obtain the qualified tube with excellent light-
weight and high strength, a lot of researches have been 
developed to avoid the phenomenon of wrinkling, buck-
ling and rupture in the tube hydroforming process. Yuan 
et al. [7] investigated the effects of wrinkling behavior on 
formability and thickness distribution through experiment 
and simulation. Koc et al. [8] found that the most impor-
tant factor affecting the T-shaped tube hydroforming was 
tubular material properties and pointed out that the suitable 
material for hydroforming should be characterized by high 
strain-hardening index and especially material deformation 
uniformity. Manabe et al. [9] analyzed the fracture position 
of hydroforming T-shaped tube by simulation and experi-
ment and showed that the fracture location of tube depended 
on process conditions and material properties and was not 
limited to the free bulging part. Moreover, it was well known 
that the loading path of internal pressure and axial feeding 
was also one of the main factors affecting the tube quality in 
tube hydroforming process. Strano et al. [10] presented an 
adaptive simulation concept as an effective FEM approach, 
which was able to detect the onset and growth of defects 
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such as wrinkling, buckling and bursting, and promptly read-
just the loading path. Mohammadi et al. [11] used the fuzzy 
controller to determine the loading path of a copper joint 
hydroforming process and obtained the standard product 
without wrinkle and fracture. Huang et al. [12] put forward 
a multi-objective robust optimization of the loading path 
in the T-shaped tube hydroforming based on dual response 
surface model, which could maximize the branch height and 
reduce thinning rate. The above scholars mainly studied the 
effects of the loading paths and tube materials on the tube 
hydroforming.

However, the friction is also a key factor affecting the 
formability of tube in hydroforming process. The suitable 
lubrication could reduce or eliminate the defects including 
wrinkling, buckling and premature failure. Ngaile et al. [13, 
14] explored the effects of four lubricants on wall thickness 
variation, branch tube height and tube burst pressure and 
divided the T-tube into the guiding zone and the expansion 
zone to study the lubrication mechanism and its influence 
on the interface friction. Ahmetoglu et al. [15] divided the 
T-shaped tube into three friction zones including the guiding 
zone, the transition zone and the expansion zone, as shown 
in Fig. 1. Abdelkefi et al. [16] built an experimental database 
for the relationship between the thickness distribution and 
the lubrication conditions. Guo et al. [17] studied the vari-
ation of branch height and wall thickness thinning rate of 
Ti/Al alloy under different process parameters. The results 
showed that the branch height decreased and the maximum 
thickening rate increased with the increase in friction coef-
ficient. In summary, the coordination of loading path and 
lubrication was necessary for getting T-shaped tube with 
good quality in hydroforming process. When the friction 
coefficient between the die and tube is too large, less mate-
rial flowed into the branch tube and caused its insufficient 
height or fracture. When the friction coefficient between 
the die and tube is too small, the material flowed toward 
the bottom center of the main tube with the axial move-
ment of the punch, which might cause serious accumula-
tion or wrinkle phenomenon. Hama et al. [18] indicated the 
lubrication condition depended on the position at the die 
surface and investigated lots of lubrication condition on die 

surface during square cup sheet hydroforming process. Kaya 
et al. [19] studied the effect of lubrication condition on the 
hydroforming of 6063 and 6260 aluminum alloy tubes and 
indicated that dry lubricants performed well in the expansion 
zone, while wet lubricants performed well in the guiding 
zone. Hence, it was necessary to select suitable lubricant in 
the hydroforming process.

Uniform lubrication method has been studied exten-
sively in the tube hydroforming. But the asymmetry of 
the T-shaped tube along its longitudinal direction was not 
considered in its hydroforming with the traditional uniform 
lubrication method so that it easily wrinkled or branch tube 
formed insufficiently or burst. In this work, a novel lubrica-
tion method called differential lubrication was proposed to 
improve the tube formability in the T-shaped tube hydro-
forming. Through numerical simulation and experiment, the 
advantages of differential lubrication method over traditional 
uniform lubrication method were discussed in the hydro-
forming of T-tube.

2 � Principle of tube hydroforming using 
differential lubrication

The thin-walled T-shaped tube is asymmetric along its longi-
tudinal direction so that the tube material flow velocity in the 
expansion zone and guiding zone is different from the one 
of its corresponding back zone in the hydroforming process, 
as shown in Fig. 2a. The material in guiding zone should 
rapidly flow into the expansion zone in order to prevent it 
bursting, while the material in back zone should slowly flow 
for avoiding wrinkle. Figure 2b shows the stress mechanics 
of tube in the hydroforming process, in which there were 
internal pressure p, axial feeding force F, normal pressure 
Ni and friction force fi. In order to discuss the effect of dif-
ferential lubrication on the material flow in the T-shaped 
tube hydroforming process, three equations about friction 
force and normal pressure in expansion zone, and guiding 
zone and back zone are presented as follows:

where f1, f2, f3 and μ1, μ2, μ3 and N1, N2, N3 represent the 
friction forces, the different friction coefficients and normal 
pressures supported by the dies in guiding zone, expansion 
zone and back zone, respectively. R0 is the radius of tube 
blank, r is the radius of branch tube, H is the height, and L 
and W denote the length.
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Fig. 1   Friction zones in tube hydroforming
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As shown in Fig. 2b, H and W changed with the increase in 
axial feeding, and R0 and r were constants as the target geom-
etry of T-shaped tube was defined in hydroforming process. 
Thus, it was concluded from these Eqs. (1)–(3) that the friction 
coefficient and the loading path of internal pressure and feed-
ing affected the friction forces in hydroforming process. The 
traditional uniform lubrication method used the same friction 
coefficient (μ1 = μ2 = μ3) in the entire tube surface. Therefore, 
T-shaped tube hydroforming with the traditional lubrication 
method overly depended on the loading path to avoid cracking 
and wrinkling. If μ1 decreases and μ2, μ3 is unchanged, f1 will 
reduce and the material flow in guiding zone will improve so 
as to prevent the expansion zone bursting and avoid wrinkle 
in back zone. Furthermore, the friction force in the ring sur-
face with width of dli (as shown in Fig. 2b) can be obtained 
as follows:
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where f1(i) is the friction force in guiding zone with width of 
dli and f3(i) is the friction force in back zone with width of 
dli. If μ1 is less than μ3, it is seen from Eqs. (4) and (5) that 
f1(i) is less than f3(i), so that the semiring material in guiding 
zone with width of dli flows more rapidly than the one in 
back zone with width of dli.

Therefore, the different friction coefficients can adjust the 
material flow in guiding zone, back zone and expansion zone 
during the process. The differential lubrication method will 
be a promising way to improve the formability of T-shaped 
tube hydroforming besides the loading path design. For this 
reason, a differential lubrication in the different zone of 
T-shaped tube was proposed in this paper.

The divided areas of differential lubrication method are 
shown in Fig. 3. The diverse lubricants are used in differ-
ent areas to change the material flow velocity. According 
to the divided areas, the intermediate annular differential 
lubrication (IADL) method and intermediate semiring 
differential lubrication (ISDL) method were designed as 
the differential lubrication methods. IADL method is to 
coat the annular zone with a kind of lubricant and guided 
zones with another lubricant, as shown in Fig. 3a. ISDL 

Fig. 2   a T-tube material flow state; b stress analysis in tube hydroforming

Fig. 3   a IADL method; b ISDL method
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method is just only to coat the semiring zone with a kind 
of lubricant and the other zones with another lubricant, as 
shown in Fig. 3b. Its length a can be determined on the 
basis of the expansion zone, and its value can be obtained 
by Eqs. (6).

3 � Finite element model of T‑shaped tube 
hydroforming

These experiment and simulation used the 5A02 aluminum 
alloy tube with outer diameter of 32 mm and wall thick-
ness of 1 mm. Considering the symmetry of T-shaped 
tube and the amount of calculation, half of the model was 
established in ABAQUS EXPLICIT, as shown in Fig. 4. 
The simplified model mainly consisted of three parts: 
die, punch and tube blank. The die and the punches were 
set as rigid bodies, and their mesh type was R3D4. Tube 
blank was arranged as deformable body and divided into 
7886 C3D8R elements with the size of 1 mm. The con-
tact between tube and die was set as surface and surface 
contact and adopted Coulomb friction model. The pres-
sure was loaded into the interior of tube, and the punches 
provided the feeding.

The material properties of the 5A02 aluminum alloy 
were obtained by the tensile tests and are listed in Table 1. 
The power-law plasticity model was chosen as the consti-
tutive relation [20]. The formula is presented as follows:

In order to compare the effects of differential lubrica-
tion method and traditional uniform lubrication methods 
on the branch height and wall thickness distribution of the 
T-tube, the same loading path of the internal pressure and 
axial feeding was adopted in these simulations, as shown 
in Fig. 5.

(6)a ≈ 2r + 2
(

H − R
0

)

(7)� = K�n

4 � Numerical simulation results

4.1 � Simulation results using two differential 
lubrication methods

The simulation results of IADL method and ISDL method 
under the same loading path are shown in Fig.  6a, b, 
respectively. The friction coefficient of annular zone and 
semiring zone was set as 0.03, and the friction coeffi-
cient of the other zones was set as 0.1. The back zone of 
T-shaped tube in Fig. 6a wrinkled through IADL method 
due to the decrease in the friction coefficient in the middle 
of back zone of the main tube, which caused the mate-
rial to flow quickly and accumulate, whereas the T-shaped 
tube without wrinkle in Fig. 6b was fabricated well with 
ISDL method because of the differential and appropriate 
material flow between the expansion zone and its corre-
sponding back zone. Meanwhile, the heights of the two-
branch tube through IADL method and ISDL method are 
24.78 mm and 27.53 mm in Fig. 6, respectively. The result 
showed that ISDL method was more favorable to manufac-
ture the T-shaped tube in the hydroforming.

Fig. 4   Finite element model

Table 1   Material properties of 5A02 aluminum alloy

Elastic modulus/GPa 70
Poisson’s radio 0.33
Yield strength/MPa 85
Strength coefficient (K-value)/MPa 502
Strain-hardening exponent (n-value) 0.35
Density/g/cm3 2.68
Elongation 24.6%

Fig. 5   Loading path of the internal pressure and axial feeding
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4.2 � Comparison between differential lubrication 
and uniform lubrication

4.2.1 � Design scheme of friction coefficient in divided zones

In order to compare the forming effects of traditional uni-
form lubrication method and the differential lubrication 
method, three different groups of friction coefficient were 
designed in the simulations of T-shaped tube hydroforming 
under the same loading path. The design scheme of friction 
coefficient is shown in Table 2.

4.2.2 � Effect of differential lubrication and uniform 
lubrication on wrinkle and height of branch tube

The whole cases 1# and 2# in the three groups adopted the 
traditional uniform lubrication method, and the case 3# 
used ISDL method. The friction coefficient of back zone 
in the cases 1# and 3# of three groups was larger than the 
one in case 2# of three groups. The simulation results of 
three groups are illustrated in Figs. 7, 8 and 9. Under the 
same loading path, all the T-shaped tubes in the cases 1# 
and 3# of three groups did not wrinkle in their back zones, 
while the back zones of T-shaped tubes in the case 2# of 

the three groups occurred to wrinkle because of their less 
friction coefficient. The results showed that it is beneficial 
to avoid wrinkle in the back zone of T-shaped tube where 
large friction coefficient was adopted in ISDL method and 
uniform lubrication method. However, it was apt to appear 
the wrinkle in uniform lubrication method with small fric-
tion coefficient. Moreover, the height of branch tube in 
case 3# of the three groups was larger than the one in case 
1# of the three groups, as shown in Fig. 10. These results 
showed that ISDL method improved the flow of material 
and increased the height of branch tube, compared with 
traditional uniform lubrication method with the large fric-
tion coefficient. Though the height of branch tube was the 
largest in traditional uniform lubrication method with the 
small friction coefficient, the wrinkle obviously appeared 
in the back zone of those T-shaped tubes. Consequently, 
ISDL method not only avoided wrinkle in the back zone 
of T-shaped tubes but also improved the height of branch 
tube.

4.3 � Effect of ISDL and uniform lubrication method 
on wall thickness

The wall thickness distribution of the tube using ISDL 
and traditional uniform lubrication method was analyzed 
on the basis of the simulation results of the first group, 
as shown in Fig. 11. The thickness of tube using ISDL 
method was more uniform than the one using traditional 
uniform lubrication method. The strain at point A of the 
tube was investigated during the forming process with dif-
ferent lubrication methods, as shown in Fig. 12. It was 
seen that the strain at point A of tube formed by ISDL 
method was always smaller than the one manufactured 
through the traditional uniform lubrication method dur-
ing the process. It was indicated that the uniformity of 
thickness in ISDL method was better method than one in 
traditional uniform lubrication method.

Fig. 6   Thickness distribution of tubes simulated with a IADL method; b ISDL method

Table 2   The scheme of friction coefficient

Group Case Annular zone and 
semiring zone

The other zones

First 1# 0.1 0.1
2# 0.03 0.03
3# 0.03 0.1

Second 1# 0.12 0.12
2# 0.03 0.03
3# 0.03 0.12

Third 1# 0.1 0.1
2# 0.05 0.05
3# 0.05 0.1
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4.4 � Effect of different lubrication methods 
under various loading paths

In order to investigate the effect of loading path of the inter-
nal pressure and axial feeding on the formability under 
different lubrication methods, loading paths 2 and 3 were 
designed according to the loading path 1 in Fig. 5, as shown 
in Fig. 13. The effect of three kinds of loading paths on the 
formability was analyzed with the lubrication schemes of the 
first group, as listed in Table 2.

The pressure in early stage of the loading path 2 was less 
than one in early stage of the loading path 1, and the pres-
sure in early stage of the loading path 3 was more than one 
in early stage of the loading path 1 in Fig. 13. The simula-
tion results of T-shaped tube formed with loading path 2 
and loading path 3 are shown in Figs. 14, 15. Under the 
three kinds of loading paths, the wrinkles occurred in the 
back zones of T-shaped tubes manufactured using uniform 
lubrication methods with the small friction coefficient and 
the back zone of T-shaped tube did not wrinkle in ISDL 

Fig. 7   Thickness distribution of tubes using the first group of a case 1#; b case 2#; c case 3#

Fig. 8   Thickness distribution of tubes using the second group of a case 1#; b case 2#; c case 3#
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method. The wrinkles also appeared in the back zone of 
T-shaped tubes formed using uniform lubrication methods 
with the large friction coefficient under the loading path 2, as 
shown in Fig. 14a. Conversely, there were not wrinkles in the 
back zone of T-shaped tubes formed by uniform lubrication 
methods with the large friction coefficient under the loading 
path 3, as shown in Fig. 15a. These revealed that the mate-
rial flowed more quickly in early stage of the loading path 
2 than in early stage of the loading paths 1 and 3 due to the 
reduction of friction force caused by the decrease in internal 
pressure p according to Eq. (3). Furthermore, the height of 
branch T-shaped tube in ISDL method was higher than that 

in traditional uniform lubrication method with the large fric-
tion coefficient under different loading paths. And the higher 
the pressure in early stage of the loading path was, the higher 
the branch height of T-shaped tube in ISDL method was, 
since the high pressure prevented increase in the thickness.

Simulation results of the first group in Table 2 under the 
three kinds of loading paths are listed in Table 3. The result 
indicated that it was difficult to design a suitable loading 
path for forming T-shaped tube using traditional uniform 
lubrication method with the small friction coefficient. How-
ever, the ISDL method had wide adaptability to the loading 
paths and expanded the process window. Meanwhile, the 
high pressure in early stage of the loading path was neces-
sary to fabricate T-shaped tube using the traditional uniform 
lubrication method with the high friction coefficient. In addi-
tion, the value of branch height listed in Table 3 demon-
strated that the high pressure in early stage of the loading 
path effectively prevented the radial thickening of the tube 
increasing with ISDL method, so that the material had to 
flow into branch tube.

5 � Experimental validation and analysis

The tube hydroforming equipment is shown in Fig. 16, 
including the main cylinder, the horizontal cylinders, the 
pump and the supercharger. The die and punches are illus-
trated in Fig. 17. The experiments about traditional uniform 
lubrication method and ISDL method were performed. 
The fluorosilicone grease and PEFT film were selected as 

Fig. 9   Thickness distribution of tubes using the third group of a case 1#; b case 2#; c case 3#

Fig. 10   Branch tube height of three groups
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lubricating medium, and the friction coefficients of lubricat-
ing medium are listed in Table 4. The loading path of the 
internal pressure and axial feeding in these experiments was 
designed on the basis of the simulation results, as shown in 
Fig. 18.

5.1 � Comparison between experiment 
and simulation results

Experiment results of tube on the uniform lubrication 
method and ISDL method are shown in Fig. 19. Under 
the same loading path, the T-shaped tubes formed using 
uniform lubrication method with fluorosilicone grease 

and ISDL method with PTFE film and fluorosilicone 
grease did not wrinkle in their back zones, as shown in 
Fig. 19a, c, respectively. Meanwhile, the height of branch 
tube using ISDL method with PTFE film and fluoro-
silicone grease was higher than the one using uniform 
lubrication method with fluorosilicone grease. Due to 
severe wrinkling, the burst occurred in the back zone of 
T-shaped tubes formed using uniform lubrication method 
with PTFE film, as shown in Fig. 19b. The results showed 
that the ISDL method could effectively avoid wrinkling at 
the back zone of T-shaped tube and increased the height 
of branch tube. The T-shaped tube experiment and simu-
lation results were similar in geometric shape.

Fig. 11   Wall thickness distribution simulated with the first group of case 1# and case 3# a along the radial section from A to B; b along the axial 
section from A to B

Fig. 12   Effective strain of simulation using the first group of case 1# 
and case 3#

Fig. 13   Three kinds of designed loading paths used in the first group
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5.2 � Wall thickness analysis

In order to study the materials flow of the T-shaped tubes 
formed using different lubrication methods, the wall thickness 
of T-shaped tube formed using uniform lubrication method 
with fluorosilicone grease and ISDL method was measured 

along the direction of the arrows, and their results are shown 
in Fig. 20. The results showed that the thickness distribution 
of the tube using ISDL method was more uniform than the 
one with traditional uniform lubrication method. The mini-
mum thickness of T-shaped tube made with ISDL method was 
higher than the one made with uniform lubrication method 

Fig. 14   Simulation result of the first group under the loading path 2. a Uniform lubrication method μ = 0.1 (case 1#); b uniform lubrication 
method μ = 0.03 (case 2#); c ISDL method (case 3#)

Fig. 15   Simulation result of the first group under the loading path 3. a Uniform lubrication method μ = 0.1 (case 1#); b uniform lubrication 
method μ = 0.03 (case 2#); c ISDL method (case 3#)
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in Fig. 20. Thus, the formability using the ISDL method was 
better than the one using uniform lubrication method in the 
tube hydroforming.

5.3 � Experimental verification of T‑shaped tube 
with diameter 40 mm

To further verify the reliability of the ISDL method, some 
experiments were conducted with 5A02 aluminum alloy tube 
with diameter 40 mm. The die and punches were designed 
and manufactured, as shown in Fig. 21. The MoS2 and PTFE 
film were selected as lubricating media in ISDL method. The 
friction coefficients of these lubrications are shown in Table 4. 
The loading path in these experiments was designed and is 
shown in Fig. 22.

The experimental results are shown in Fig. 23. The results 
of the tube with diameter of 40 mm were exactly similar to 
the one of the tube with diameter of 32 mm, and the forming 
quality of T-shaped tube using ISDL method was the opti-
mum. However, when the friction coefficient in the uniform 
lubrication method was too small, there was severe crack in 
the formed T-shaped tube as indicated in Fig. 23b. When the 
friction coefficient in the uniform lubrication method was too 
large, the height of branch tube was low, as shown in Fig. 23a. 
There was no wrinkle or burst on T-shaped tube with ISDL 
method, and the branch height is 33.5 mm shown in Fig. 23c. 
Thus, the ISDL method was also applicable for forming alu-
minum alloy T-shaped tube with diameter 40 mm.

6 � Conclusions

(1)	 The differential lubrication method called ISDL method 
was designed to coat the semiring zone of tube with 
the small friction coefficient and the other zones of 

Table 3   Simulation results of the first group under the three loading 
paths

Lubrication method Loading path Is it well 
formed?

Height/(mm)

Traditional (μ = 0.1) 1 Yes 25.16
2 No 22.40
3 Yes 25.67

Traditional (μ = 0.03) 1 No /
2 No /
3 No /

ISDL 1 Yes 27.53
2 Yes 25.69
3 Yes 28.30

Fig. 16   Hydroforming equipment

Fig. 17   Die and punches (Φ32 mm)

Table 4   The friction coefficient of lubricating medium

PTFE film Fluorosilicone grease MoS2

0.03 0.1 0.06

Fig. 18   Loading path in experiment (Φ32 mm)
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Fig. 19   Experiment result of φ32-mm T-shaped tube formed using a uniform lubrication with fluorosilicone grease; b uniform lubrication with 
PTFE film; c ISDL method

Fig. 20   Wall thickness distribution a along the radial section from A to B; b along the axial section from A to B

Fig. 21   Die and punches (Φ40 mm)

Fig. 22   Loading path in experiment (Φ40 mm)
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tube with large friction coefficient in the T-shaped 
tube hydroforming process. This method accelerated 
the material flow velocity in the guide zone of the tube 
and slowed down the material flow velocity in the back 
zone of the tube, which solves the problem about the 
asymmetry of T-shaped tube along its longitudinal 
direction.

(2)	 Using the ISDL method, the height of branch tube was 
increased, the wrinkle at the back zone of tube was 
avoided, and the wall thickness of the T-shaped tube 
was distributed evenly in T-shaped tube hydroforming.

(3)	 Compared with traditional uniform lubrication method, 
the ISDL method was a promising way to improve the 
formability of T-shaped tube hydroforming besides the 
loading path design and had more wide adaptability to 
the loading paths.
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