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Abstract 

The large-diameter thin-walled (LDTW) aluminum alloy (Al-alloy) tubes with small 
bending radius have been widely used in the aerospace field due to the superiority in 
terms of high transmission efficiency, high spatial margin and weight reduction. 
However, it is a tough issue to deform a desirable bent tube with such extreme 
specification since induced heavier nonuniform deformation may cause tension and 
compression instabilities such as overthinning, cracking and wrinkling. Considering 
possible enhancement in mechanical properties of Al-alloy when deformed at cryogenic 
temperature (CT), the cryogenic bending potential of the Al-alloy tubular materials is 
to be excavated. In this work, bending temperature was set at room temperature (RT), -
60℃, -120℃, and -180℃. Under cryogenic condition, properties of fracture energy C, 
anisotropy index r, strength factor K and hardening index n are all improved and friction 
coefficients between tube and tooling dies show varying degrees of reduction. A finite 
element model considering material anisotropy at CT was conducted and an innovative 
cryogenic bending involving internal and external cooling was designed. It is proved 
that tube formability evaluated by bending defects of wall thinning and wrinkling can 
be effectively improved by cryogenic bending. As the temperature decreases, tube 
thickness reduction decreases continuously, however, the degree of wrinkling decreases 
first and then increases, and the most optimum temperature was obtained at -60℃. For 
wall thinning, cryogenic enhancement of C, r and n can reduce it, conversely, a larger 
K at CT intensifies it. The decreasing in friction of wiper die and pressure die at CT can 
promote wall thinning but only to a very small extent. For wrinkling, the opposite 
effects of strength factor K and hardening index n mainly cause of the non-monotonic 
relation between the temperature and wrinkling degree. The friction of bending die also 
has an impact to increase wrinkling at CT. Bending limit has been further explored and 
it has been improved from Rd=3.0D at RT to 1.0D at -60℃. Cryogenic bending of 
LDTW Al-alloy tubes with Rd=2.0D at -60℃ was finally experimentally performed. 
The results of cryogenic bending successfully verified the effect of cryogenic 
temperature on developing formability of LDTW Al-alloy tubes. 
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Highlights  

• Mechanical properties are overall improved at cryogenic temperature, the 
opposite effects of strength factor K and hardening index n mainly cause of the 
non-monotonic relation between the temperature and wrinkling degree. 

• The friction coefficients between tube and tooling dies exhibit varying degrees 
of decline at cryogenic temperature, which have less impacts on tube 
formability. 

• An innovative cryogenic bending involving internal and external cooling was 
designed and an accurate finite element model was established and verified. 

• Bending limit has been improved from 3.0D bending radius at room temperature 
to 1.0D at -60℃, and it was confirmed for tubes with 2.0D bending radius 
experimentally by cryogenic bending. 

1 Introduction 

    Aluminum alloy (Al-alloy) tubes have been widely used in pipeline systems of 
aerospace, aviation, navigation, automobile and other manufacturing fields due to its 
advantages of light weight, high formability, as well as good corrosion resistance [1]. 
Large-diameter thin-walled (LDTW) Al-alloy bent tubes with outer diameter-to-
thickness ratios more than 20 (D/t > 20), small-bending radius (Rd < 2.0D, Rd is the 
bending radius) and high transmission efficiency are required in harsh service 
conditions like aerospace fuel transportation and environmental control systems[2],[3]. 
The extreme specifications of the tube have a series priority in service environment, 
however, it brings great difficulties to its forming and manufacturing [4]. Various 
forming defects such as wrinkling, thickness reduction and even cracking [5] will occur, 
and restraint the increase in forming limit, as shown in Fig. 1. The tube outer bending 
ridgeline is mainly subjected to biaxial tensile stress state in axial and circumferential 
directions, and inner ridgeline is subjected to biaxial compressive stress state, 
correspondingly to forming defects of wall thinning and wrinkling, respectively [6]. 
Therefore, tube bending limit is measured by the minimum bending radius that can be 
achieved by the standard limited by forming defects. It is a tough issue to obtain a 
desirable bent tubular part with extreme specification of large diameter, thin wall, and 
small bending radius. 

 



Fig. 1. Bending defects of cracking and wrinkling of LDTW tubes. 
 

    There have been some efforts to achieve promising formability of the hard-to-form 
tubes. For bending of rectangular H96 tube, a flexible PVC mandrel was proposed by 
Zhu et. al [7] and it was found that it leads to a smaller tube thickness variation and a 
more uniform tube thickness distribution compared with the traditional mandrel-cores, 
for the PVC mandrel brings about smaller stress in the bending process. Liu et. al [8] 
also took the flexible PVC material as the groove fillers in the bending process of H-
typed double-ridged rectangular tube, and successfully improved tube bending quality. 
Although the flexible mandrel can provide flexible support, the process of taking out 
the mandrel after bending requires heating and melting, and it is difficult to remove the 
mandrel for large-angle bending tubes. In the past decade, heating-assisted bending has 
been employed to improve bending formability of LDTW tubes owing to the developed 
ductility and reduced deformation resistance at elevated temperatures [9],[10]. Zhang 
et al. [11] and Tao et al. [12] improved bending quality of LDTW commercial pure 
titanium alloy CP-Ti tubes by the developed the warming bending technology. 
Simonetto et al. [13] developed the direct hot rotary draw bending (DHRDB) for 
processing 22MnB5 hollow profiles process and confirmed that DHRDB can 
effectively increase bending accuracy and nearly absent springback. Furthermore, Yang 
et al. [2] designed a differential heating-based rotary draw bending method to 
proactively coordinate the non-uniform deformation, and forming quality of the LDTW 
titanium tube was effectively enhanced. The method of warm bending to improve tube 
quality and bending limit is more suitable for titanium and steel tubes that have high 
temperature stability. For aluminum alloys especially thin-walled components, however, 
it is easy to be oxidized at high temperature and material performance will be changed 
after oxidation, which will affect its later service. So warm bending is not suitable for 
LDTW Al-alloy tubes. 
    In recent years, Al-alloy materials have been found to exhibit remarkable 
enhancement of strength and ductility simultaneously when deformed at cryogenic 
temperature (CT) [14],[15], which provides great potential to improve the forming 
performance of Al-alloy components by cryogenic forming. Fan et al. [16] solved the 
coexistence of wrinkling and splitting of Al-alloy thin shell by a forming process at 
ultra-low temperature gradient. Yuan et al. [17] proposed a novel deep drawing process 
at CT of Al-alloy sheets and found that the deep drawability was significantly enhanced 
as the temperature decreased to -160 °C. Schneider et al. [18] carried out a limiting 
dome height drawing test of EN AW-5182 and EN AW-6016 alloys at low temperatures 
and explored that the stretch formability can be enhanced obviously at temperatures 
below 25℃. Liu et al. [19] studied the formability and flow stress of an Al-Cu-Mn alloy 
sheet under biaxial stress state at various CT and quantified that the formability and 
deformation uniformity of the sheet at CT were considerably increased. Sotirov et al. 
[20] provided optimum forming technology for manufacturing complex aluminum 
body panels, and cryogenic forming method was proved to offer a higher forming limit 
for deep drawing of complex sheet products of work hardening 5xxx Al-alloy sheets. 
The cryogenic forming of Al-alloy is also beneficial to reduce or eliminate residual 



stress. A novel cryogenic treatment proposed by Araghchi et al. [21] can relieve up to 
71% of the residual stresses in 2024 Al-alloy at -196℃ compared to 29% related to the 
traditional treatment. However, the cryogenic bending potential of LDTW Al-alloy 
tubes still remain unknown. 
    Based on the above, it can be reasonably speculated that cryogenic forming also has 
great potential to reduce bending defects and improve formability of the hard-to-bend 
Al-alloy tubes. However, cryogenic bending for LDTW Al-alloy tubes presents new 
challenges. On the one hand, LDTW tubes tend to be anisotropic, which affects the 
plastic deformation, and consequently, their forming limits [22]. Material anisotropy is 
also affected by cryogenic conditions [23], but it is very difficult to accurately 
characterize [24], [25]. So, accurate charactering the anisotropy of the thin-walled tubes 
at CT become a crucial issue to explore the cryogenic bending potential of LDTW Al-
alloy tubes [26], [27]. On the other hand, tube bending is conducted under complex 
constraints [6], bending quality of LDTW tubes is also significantly influenced by 
multiple friction behaviors between tubes and various tooling dies [28]. While the 
friction behavior is also affected by cryogenic condition [29], which makes the effect 
of CT on tube bending formability more complicated and uncertain. Therefore, the roles 
of the two key factors mentioned above, viz. anisotropic mechanical properties of the 
tubes and friction behaviors between tube and tooling dies, are studied in this work to 
explore the cryogenic formability and improve bending limit. 
    In this research, taking the cryogenic bending of LDTW (D/t=89) 6061-O tubes as 
the research object, deformation temperature was set to -60℃, -120℃ and -180℃, 
respectively. As a comparison, the tube bending under RT was also conducted. Bending 
limit is represented by the minimum Rd that the tube can achieve under the condition of 
meeting the forming quality requirements of no wrinkle and thickness reduction rate 
within 25%. First, cryogenic characterization of material anisotropy and friction 
behavior was carried out. An integrated characterization method combined uniaxial 
tension test and VPSC-based simulation was used to determine the plastic anisotropy at 
CT. Then, the modeling of rotary draw bending process of LDTW Al-alloy tubes was 
conducted and validated. Next, a cryogenic bending platform was designed and the 
cooling efficiency was determined. Based on above, cryogenic bending potential of 
LDTW 6061-O Al-alloy tubes was evaluated by wrinkling and tube wall thinning. 
Inhibition mechanism of CT on bending defects has been explored from aspects of 
mechanical properties and friction behaviors. Bending limit of such LDTW Al-alloy 
tube is finally improved at CT, and cryogenic bending was successfully performed. An 
overall research framework is given in Fig. 2. 



 
Fig. 2. Research framework. 

2 Material anisotropy and friction at cryogenic temperature  

    The as-received material is LDTW 6061-O Al-alloy tubes with the fully annealed 
state based on the standard of SAE AMS-WW-T-700/6. The tubes are with 
specifications of 63.5 mm in diameter and 0.71 mm in wall thickness (D/t=89). The 
main chemical composition of the material is given in Table 1. 

Table 1. The main chemical composition of 6061-O Al-alloy tubes. 

Element Si Fe Cu Mn Mg Cr Zn Ti Al 

Content (%) 0.80 0.70 0.40 0.15 1.20 0.35 0.25 0.15 remainder 
 

    The anisotropy and friction of the material are very critical to the bending formability 
of LDTW tubes, while these properties are often temperature sensitive. Therefore, the 
accurate characterization of these key parameters is very important cryogenic forming 
of LDTW tubes. In this section, an integrated characterization method was approached 
to determine material anisotropy at CT and a friction test was inducted to obtain the 
cryogenic friction properties. 

2.1 Integrated characterization of mechanical properties at cryogenic temperature 

• Design of integrated characterization 
    An integrated characterization method comprising of uniaxial tension test and VPSC 
model were used to determine mechanical properties and plastic anisotropy of the tubes 
at CT and RT.  
    The anisotropy index r-value and yield strength σ of uniaxial tension in 0º, 45º and 



90º directions and balanced biaxial tension (BBT) at RT and CT are distinguished by 
subscript as r0, r45, r90, rb, σ0, σ45, σ90, and σb, which are required in solving parameters 
of material constitutive model. The r-value is defined as the ratio of transverse strain εx 
and thickness strain εz, as expressed in Eq. (1).  

x

z

r ε
ε

=
                                                           (1) 

    The specimens and collets of uniaxial tension in 0º, 45º and 90º directions were 
designed and made [30], as shown in Fig. 3. 

   
(a) (b) (c) 

Fig. 3. The specimens and collets of axial tension at 0º, 45º and 90º directions: (a) axial tension 
directions, (b) the specimens, (c) the collets with specimens. 
 
    The tests were conducted on an electronic universal testing machine equipped an 
insulated cabinet with a temperature-controlled system, as shown in Fig. 4. The 
temperature control accuracy of the insulation system is 3℃. The test temperature was 
set to RT, -60℃, -120℃ and -180℃, respectively. The cryogenic test environment was 
realized by connecting liquid nitrogen (LN) and temperature control system. The 
nominal strain rate is 0.001 s-1, which is consistent with the tube bending. Each set 
under the same conditions was repeated at least three times to reduce errors. All 
specimens were stretched to failure. 

 
Fig. 4. Experimental platform of cryogenic tension test consisting of an electronic universal testing 
machine equipped an environment chamber and strain measurement systems of DIC system and DE 
system. 
 
    To obtain r-values in tension test, longitudinal strain along the tension direction and 
transverse strain vertical to the tension direction of the specimen have to be measured 



at the same time. Two kinds of strain measurement systems were employed in different 
conditions for their own advantages and limitations. One is a digital image correlation 
(DIC) system, and another one is a dual extensometer (DE) system consisting of a 
longitudinal extensometer and a transverse extensometer. Since the DIC system does 
not directly contact the specimen during measurement, it does not have much 
requirements on the geometry of the specimen, which is every suitable for the hoop 
tension specimen. But it is only applicable for testing at RT, as the limitation in 
measuring cryogenic deformation for the nature of speckle paint that is easy to fall off 
at cryogenic temperature. Therefore, the DE system was used for its convenience of 
cryogenic measurement, while it was limited in 45º and 90º tension tests for the closed 
hoop geometry that restricted the clamp of the two extensometers. In this way, the 
tension tests in all different directions at RT were tested by DIC system and those in 0º 
direction at whether RT or CT were measured by DE system.  
    For the anisotropic parameters that are difficult to be determined by experiment 
methods in this study, namely r45, r90 at CT and BBT at RT and CT, the VPSC-based 
simulation was adopted. VPSC model accounts for full anisotropy in properties and 
response of the single crystals and the aggregate [31]. It simulates the plastic 
deformation of aggregates subjected to external strains and stresses. VPSC is based on 
the physical shear mechanisms of slip and twinning, and accounts for grain interaction 
effects. In addition to providing the macroscopic stress-strain response, it accounts for 
hardening, reorientation and shape change of individual grains. As a consequence, it 
predicts the evolution of hardening and texture associated with plastic forming. The 
simulation procedure was applied to deformation of the LDTW 6061-O Al-alloy tubes. 
    Fundamentally it is characterized by an evolution of the threshold stress with 
accumulated shear strain in each grain of the form in Eq. (2), associated with slip (or 
twinning) system s [32]. 
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where Γ  is the accumulated shear strain in the grain which can be expressed in Eq. (3). 
s

s
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                                                           (3) 
where γs is the local shear-rate on slip system (s), τ0, θ0, θ1, (τ0+τ1) are the initial critical 
resolved shear stress (CRSS), the initial hardening rate, the asymptotic hardening rate 
and the back-extrapolated CRSS. In addition to self-hardening, each slip system also 
has an interactive hardening effect. The interactive hardening effect can be expressed 
by Eq. (4), 
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where Δγs’ is the increase in the threshold stress of a system due to shear activity, hss’ is 
the coupling coefficient, and the Δτs is the CRSS increment related to shear activity. In 
addition, defining the coupling coefficients hss' has capability of ‘self’ and ‘latent’ 
hardening in the model, and empirically accounts for the obstacles that new dislocations 
associated with s' activity represent for the propagation of system s.  



    The deformation mechanism considered is <111>{110} slip system and <111>{112} 
twinning system for Al-alloy tubes in this research. The key parameters that have to 
resolve in VPSC model related to the two deformation mechanisms include τ0, τ1, θ0, 
and θ1, which determine the CRSS and hardening behavior during deformation. Here 
self-hardening is used as a reference and set coupling coefficients hss'=1 [32], and the 
evolution of the threshold stress is given by only the Voce hardening function in Eq. (5). 
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                                                        (5) 
    The data obtained by the experiment provides reliable basis for the establishment and 
validation of the VPSC model, and the simulation can just make up for the incapability 
in the experimental methods. The characterization method used in each deformation 
condition is listed in Table 2. 

Table 2. The characterization method used in each deformation condition. 

Temperature RT CT 

Deformation  0º 45º 90º BBT 0º 45º 90º BBT 

Method DIC/DE DIC DIC VPSC DE VPSC VPSC VPSC 
 

• Uniaxial deformation in 0º at RT and CT 
    Fig. 5 gives the true stress-strain curves obtained by 0º uniaxial tension tests at RT 
and CT. The mechanical properties are listed in Table 3. It can be found that with the 
temperature decreasing, the mechanical properties have enhanced significantly. 
Compared with the mechanical properties at RT, the ultimate strength and elongation at 
-180℃ has improved 89.6% and 33.9% respectively, which provides the basis and 
prerequisite for the subsequent cryogenic forming. It can be obtained from Fig. 5 (b) 
that LDTW 6061-O Al-alloy tubes have a significant anisotropy behavior when tension 
in different directions. 

   
(a)                                                                       (b) 

Fig. 5. True stress-strain curves obtained by uniaxial tension tests: (a) 0° tension at different 
temperatures, (b) 0°, 45° and 90° tension at RT. 

 

Table 3. Mechanical properties of 6061-O Al-alloy tubes of 0º tension at RT and CT. 



Mechanical properties RT -60℃ -120℃ -180℃ 

Elastic modulus E/GPa 29.3 32.6 34.6 35.1 

Yield strength σy/MPa 57.2 57.5 58.8 59.1 

Strength factor K/MPa 211.4 257.9 332.8 445.7 

Elongation δ/% 22.1 24.0 26.2 29.6 

Ultimate strength σm/MPa 146.2 174.6 209.6 277.2 

Hardening index n 0.23 0.26 0.33 0.36 

Anisotropic index r0 0.57 0.67 0.76 0.87 

Fracture energy C/kJ•m-3 26.9 34.1 44.1 63.4 
 
• VPSC-based simulation for BBT and uniaxial deformation in 45º and 90º directions 

at CT 
    The VPSC model of Al-alloy tubes was established and validated based on 
experiment results. A total of 1779 crystal orientations from the EBSD result were used 
in the VPSC model to explore the plastic anisotropy. The stress-strain curves from the 
experiment of uniaxial tension along 0° tension at RT and CT was used as the input data 
for solving model parameters. Based on the genetic algorithm in MATLAB, the model 
parameters related to slip and twinning systems in VPSC model were determined, and 
the VPSC model of the 6061-O Al-alloy tubes at RT and CT was obtained.     
    For VPSC modeling, an electron backscatter diffraction (EBSD) testing was 
performed on Al-alloy tubes. The microstructure of the initial specimen and deformed 
specimen after tension in 0° direction at RT and -180 ℃ is obtained, both deformed at 
0.2 nominal strain. The obtained microstructure is shown in Fig. 6.  

   
(a)                                              (b)                                                (c) 

Fig. 6. Microstructure of 6061-O Al-alloy tubes: (a) undeformed initial specimen, (b) deformed at 
0.2 nominal strain at RT and (c) deformed at 0.2 nominal strain at -180℃. 

    Based on the results of material microstructure and stress-strain data, the key 
parameters related to slip and twinning systems of LDTW 6061-O Al-alloy tubes in 
VPSC model have been solved, as given in Table 4.  

Table 4. The solved parameters for VPSC model.  



Temperature Deformation mechanism 0τ /MPa 1τ /MPa 0θ / MPa 1θ / MPa 

RT 
SLIP <111>{110}  30 29 491 26 

TWIN <111>{112} 839 42 714 329 

-60℃ 
SLIP <111>{110}  30 38 510 35 

TWIN <111>{112} 834 52 716 329 

-120℃ 
SLIP <111>{110}  31 45 542 47 

TWIN <111>{112} 834 54 716 329 

-180℃ 
SLIP <111>{110}  34 64 600 60 

TWIN <111>{112} 842 52 714 329 
   
    It can be seen from Table 4 that the four parameters τ0, τ1, θ0, θ1 of the dislocation 
slip deformation mechanism all increase with the decrease of temperature, that is, the 
CRSS and strain hardening in the deformation process increase with the decrease of 
temperature, which is consistent with the obtained results of mechanical properties. 
While the parameters related to twinning deformation under different temperature 
conditions are almost unchanged, indicating that the twinning mechanism does not play 
a dominant role under low temperature conditions, which is consistent with the results 
shown in Fig. 6. Therefore, the enhancement mechanism of the mechanical properties 
at cryogenic temperature is considered as the higher initial CRSS and strengthen of 
dislocation slip.  
    The plastic deformation stage of stress-strain curves obtained by tests and the texture 
of deformed specimens was taken to validate the calibrated VPSC model. The tension 
curves and r-values are compared with the corresponding VPSC-based simulation 
results in Fig. 7. It can be found that the simulation results have a high degree 
coincidence with the experimental ones. By quantitatively analysis, the maximum error 
between the simulation and experiment results are explored. The errors of the stress-
strain curves fitted by VPSC-based simulation are all within 6% compared to the 
experiment results. The r-values predicted by the model are overall a little higher than 
the experimental value, while the errors of the solved r-values are within 10%. 
Therefore, the established VPSC model of LDTW Al-alloy tubes is validated, and it can 
be quantitatively considered reliable. 
    A further validation of the established VPSC model is by predicting texture evolution 
of 606-O Al-alloy tube. The pole figures obtained by EBSD test and VPSC-based 
simulation are proposed in Fig. 8 to make comparison. The texture results are taken 
from the 0° tension at RT and -180℃ when the deformation strain is 0.2. The result 
shows that brass and copper texture occur during the tension deformation, and the 
VPSC model is also quite accurate in predicting the texture evolution of 6061-O Al-
alloy tubes during tensile deformation.  
 



   
(a)                                                                         (b) 

    
                                         (c)                                                                           (d) 

   
(e)                                                                         (f) 

 
(g) 

Fig. 7. VPSC-based simulation and experiment results: stress-strain curves of 0° tension at (a) RT, 
(b) -60℃, (c) -120℃, (d) -180℃, stress-strain curves of (e) 45° and (f) 90° tension at RT, and (g) 

r values of different directions at RT. 



 

 
Fig. 8. The pole figures taken from the sample of 0° tension at RT and -180℃ when the 

deformation strain is 0.2. 
 

    Based on the validation of the above two aspects, it can be proved that the established 
VPSC model is reliable and can be applied for simulation of the material parameters 
that are difficult to obtain in experiments. 
    The key mechanical parameters required to further calibrate the constitutive 
modeling include yield strength and r-value, so far have been obtained by experiments 
and VPSC model simulation, which are given in Table 5. In the table, σ refers to the 
yield strength, and subscript refers to tension direction and BBT state, respectively. 

Table 5. Parameters for 6061-O Al-alloy tubes cryogenic modeling. 

Temperature σy0/MPa σy45/MPa σy90/MPa σyb/MPa r0 r45 r90 rb 

RT 57.2 63.1 62.2 56.8 0.57 0.53 0.71 1.46 

-60℃ 57.5 64.9 62.2 58.8 0.67 0.63 0.80 1.47 

-120℃ 58.8 67.0 64.3 60.8 0.76 0.68 0.82 1.46 

-180℃ 59.1 73.5 70.5 66.6 0.87 0.71 0.83 1.45 
 

2.2 Friction at cryogenic temperature 

    A cryogenic friction test was conducted to obtain the friction coefficients of different 
contact pairs between tubes and tooling dies. In this test, MMU-5G friction testing 
machine equipped a temperature controller was used to determine the friction 
coefficient between 6061-O Al-alloy tubes as the sample below and tooling die material 
Cr5Mo1V as the sample on top at RT and CT, as shown in Fig. 9 (a). The testing 
chamber is connected to LN to realize cryogenic environment. In the cryogenic 
environment, the lubricating oil commonly used at normal temperature is no longer 
suitable. Polytetrafluoroethylene (PTFE) polymer has self-lubrication and temperature 
stability, so a PTFE spray lubricant with an applicable temperature range of -180°C to 
200°C was used as lubricant for cryogenic friction condition, as shown in Fig. 9 (b). 



  
                                                     (a)                                                                        (b) 

Fig. 9. Cryogenic friction testing platform: (a) schematic diagram of MMU-5G friction testing 
machine and friction torsion test platform inside testing chamber, (b) PTFE spray lubricant. 

 
    According to the actual friction conditions in tube bending experiment, the friction 
conditions were set as dry friction and lubricating friction at RT and CT, respectively. 
Except for wiper die, the die materials adopt the heat treatment process of nitriding and 
sandblasting. So, the tooling die materials contains the heat-treated die materials for 
pressure die, bending die, clamping dies and mandrel die, and non-treated die materials 
for wiper die. The friction condition that between the tube and pressure die, clamping 
die is dry friction, while the friction between the tube and wiper die, bending die and 
mandrel is under lubricating conditions. The results of the friction coefficients are given 
in Fig. 10 and Table 6, and the friction coefficient is obtained from the average value of 
the stable section of each friction curve. 

   
(a)                                                 (b)                                              (c) 

Fig. 10. Friction coefficients between 6061-O Al-alloy tubes and (a) heat-treated Cr5Mo1V die 
materials under dry friction condition, (b) heat-treated Cr5Mo1V die materials under lubricating 

condition and (c) non-treated Cr5Mo1V die materials under lubricating condition. 

Table 6. Friction test conditions. 

Friction condition Contact pair Temperature Friction coefficient μ 

Dry friction 

6061-O Al-alloy tubes 

and heat-treated 

Cr5Mo1V die materials 

RT 0.51±0.02 

-60℃ 0.48±0.02 

-120℃ 0.46±0.02 

-180℃ 0.45±0.02 



Lubricating 

6061-O Al-alloy tubes 

and heat-treated 

Cr5Mo1V die materials 

RT 0.29±0.02 

-60℃ 0.23±0.01 

-120℃ 0.19±0.02 

-180℃ 0.17±0.02 

Lubricating 

6061-O Al-alloy tubes 

and non-treated 

Cr5Mo1V die materials 

RT 0.31±0.02 

-60℃ 0.20±0.01 

-120℃ 0.17±0.01 

-180℃ 0.13±0.01 
 
    It can be found from the results that cryogenic temperature does affect friction 
coefficients. As the temperature getting lower, the friction coefficients all decrease. The 
friction coefficient of 6061-O Al-alloy tubes and heat-treated Cr5Mo1V die materials 
under dry friction condition decreases slightly, while that of the other two friction test 
under lubricating condition decreases significantly. This is attributed to two aspects, 
one is the sensitivity of the material itself to cryogenic temperature, and the other is the 
sensitivity of the lubricant to temperature, both of which lead to the decrease of friction 
coefficients with cryogenic temperature, which also explains the reduction of friction 
coefficient under dry friction conditions is not as dramatically as that under lubricating 
conditions. As one of the important bending forming parameters, friction coefficient 
will also affect the tube formability in cryogenic bending. 

3 Modeling of tube rotary draw bending at cryogenic temperature 

    Due to the complexity and high cost of the cryogenic bending experiment, numerical 
simulations were used to explore the formability of Al-alloy tubes at CT and RT. The 
cryogenic forming of the LDTW tubes involves multiple nonlinearities in material, 
geometry, and stress state, that is, strong anisotropy of materials, thin-walled thickness 
and small bending radius, and complex stress states in the forming process. For the 
cryogenic condition, the key issues of geometry and technical characteristics of the 
cryogenic bending were set reasonably. Furthermore, the accuracy of anisotropic 
constitutive model and friction behavior at CT are very critical to the reliability of the 
FE model. Based on the material properties characterized at CT and RT in Section 2, 
the anisotropic plasticity and friction behaviors in cryogenic bending were reasonably 
considered in modeling. Finally, a FE model of the tube rotary draw bending at RT and 
CT was established. 

3.1 Geometric model 

    The geometric model includes a tube, a pressure die, a couple of clamping dies, a 
wiper die, a bending die and a mandrel. The tube is set as a deformable body, and all 
molds are set as rigid bodies. The bending radius is equal to twice the tube diameter, 
and the bending angle is set as 90°. Since the Al-alloy tube is a LDTW part, the 
geometric model of the tube is simplified to a shell that ignores the thickness-direction 



stress. Since the FE model of the LDTW tube bending is symmetrical with respect to 
the bending neutral layer, a half-model is adopted to improve the calculation efficiency, 
and symmetry boundary constraint has to be set on the bending neutral layer. The 
established geometry model is shown in Fig. 11. 
    During the rotary draw bending process, there are complex contacts, including the 
interfaces between the tube and the molds. The mold with high rigidity is taken as the 
primary surface, while the tube is set to the secondary surface. The penalty function is 
used to define the contact constraints and the friction behavior between the contact pairs 
is described by the Coulomb friction model. The friction coefficients are reasonably set 
for each friction condition, referring to Table 6.  
    Based on the ABAQUS/Explicit platform, the cryogenic rotary draw bending model 
has been established as shown in Fig. 11. 

 
Fig. 11. FE model of rotary draw bending of the LDTW Al-alloy tubes. 

3.2 Material model 

• Yield behavior description 
    As an important part of material constitutive, the yield criterion has a great influence 
on the prediction accuracy of FE simulation. The cryogenic forming of the tube involves 
multiple nonlinearities in material, geometry, and stress state, that is, strong anisotropy 
of materials, thin-walled thickness and small bending radius, and complex stress states 
in the forming process. For such extremely tough issue, the yield criterion employment 
becomes more critical [33]. 
    Two kinds of anisotropic yield criteria, namely Hill’48 [34] and YLD2000-2D, have 
been selected to describe the material yield behavior. In the FE simulation study on the 
bending forming of the extremely thin-walled tube, the thickness-direction stress of the 
tube is ignored during the bending forming, and the stress state is simplified to the plane 
stress state. 
     Hill’48 criterion in plane stress state is expressed as Eq. (6), where parameters F, 
G, H, N can be determined by r0, r45 and r90, as expressed in Eq. (7). 
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    The anisotropic yield criteria YLD2000-2D, containing anisotropic parameters 
related to various deformation conditions, have been widely applied to describe the 
yield behavior of Al-alloy material with strong anisotropic plasticity [35]. In the FE 
simulation study on the bending forming of the extremely thin-walled tubes, the 
thickness-direction stress of the tube is ignored during the bending forming, and the 
stress state is simplified to the plane stress state. YLD2000-2D anisotropic yield 
function adopts a linear transformation mathematically which divides the yield function 
into two parts and introduces 8 parameters to solve the function. The yield function that 
reduces to the function proposed by Hershey [36] and Hosford [37] can be simply 
expressed in Eq. (6), 

( ) ( ) 2 a' X' " X"φ φ φ σ= + =                                                 (6) 
where, 

1 2
a' X' X'φ = −                                                            (7) 

1 2 2 12 2a a" X" X" X" X"φ = + + +                                           (8) 
In the equations, ϕ’ and ϕ’’ are two anisotropic functions according to the two principal 
states for the plane stress state and they are obtained by linear transformation of the 
stress tensor matrix [35]. 
    The material correlation parameters included in the YLD2000-2D yield criterion are 
eight linear conversion coefficients α1 to α8 and crystallographic constant m. For FCC 
Al-alloy materials, m is equal to 8. The linear conversion coefficients require the 
corresponding eight materials mechanical parameters solved above, viz., the yield 
strength and thickness anisotropy index of axial tension in 0°, 45°, 90° directions and 
the BBT state respectively.  
    The linear conversion coefficients α1 to α6 are related to the normal stress, which are 
obtained by substituting the stress state, yield strength and thickness anisotropy index 
of the axial tension in 0°, 90° directions and the BBT state obtained in Table 5 into the 
Eq. (9) which satisfies the yield strength and Eq. (10) which satisfies r value 
respectively, then six octave equations will be obtained, and the values of coefficients 
α1 to α6 can be solved. In the Eqs (9) and (10), γ, δ, qx and qy have been calculated and 

determined by Barlat [35], and σ  is the effective stress. 
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    The linear conversion coefficients α7 and α8 are coefficients related to shear stress 
state. The stress state of tension in the 45° direction is decomposed to the shear stress 
in the axial and circumferential directions of the tube. Therefore, the yield strength and 
the thickness anisotropy index of tension in 45° are used to substitute into the Eqs. (11) 
and (12), and two more octave equations are obtained. By combining the above eight 
octave equations, the eight linear conversion coefficients α1 to α8 of the YLD 2000-2D 
yield criterion can be solved. 
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    The function parameters of the two yield criteria for 6061-O Al-alloy tube at different 
temperatures have been solved based on the material characterization. The coefficients 
are given in Table 7. 

Table 7. Yield function parameters of 6061-O tube cryogenic deformation. 

Criterion Temperature F G H N     

Hill’48 

RT 0.511 0.637 0.363 1.183     

-60℃ 0.476 0.599 0.401 1.243     

-120℃ 0.527 0.568 0.432 1.292     

-180℃ 0.561 0.535 0.465 1.325     

Criterion Temperature α1 α2 α3 α4 α5 α6 α7 α8 

YLD 

2000-2D 

RT 0.967 0.887 1.179 0.989 0.991 0.839 0.876 0.859 

-60℃ 0.997 0.854 1.090 0.959 0.969 0.764 0.852 0.816 

-120℃ 1.031 0.845 1.093 0.964 0.968 0.796 0.863 0.816 

-180℃ 1.142 0.660 1.002 0.891 0.922 0.638 0.787 0.735 
 
    Correspondingly, deformation yield locus of the tubes at different temperatures are 
proposed, as illustrated in Fig. 12. As the deformation temperature decreases, the yield 
locus gradually expands outward, and it explains the improvement in yield strength of 



the 6061-O Al-alloy tubes at CT. YLD2000 yield criterion not only considers the 
uniaxial stress state of uniaxial tension, but also introduces the biaxial stress state, while 
Hill’48 criterion only involves parameters describing uniaxial stress state.  

  
(a)                                                                      (b) 

Fig. 12. Yield loci of LDTW Al-alloy tubes at different temperatures by different yield criterions: 
(a) Hill’48, (b) YLD2000-2D. 

• Fracture behavior description 
    Since there is a certain risk of fracture in the LDTW tube bending, the fracture 
criterion is used to predict the materials failure. The uncoupled ductile fracture criteria 
have been used widely due to its simple formulation and ease of calibration [38]. In the 
uncoupled approach, damage accumulation is formulated empirically or 
semiempirically with the general function in terms of certain macroscopic variables, 
such as the equivalent plastic strain, principal stress, shear stress, and hydrostatic stress, 
all of which capture fracture initiation and propagation [39]. The uncoupled fracture 
criterion employed in this study was designated in Eq. (18), 

0
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C
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                                                        (18) 

where fε  is the equivalent plastic strain to fracture, σ  is the equivalent stress, 
p

ε is the 
equivalent plastic strain. C is the threshold fracture energy of materials. The plasticity 
and fracture data of uniaxial tension were used to determine the C value at CT and RT. 
The values of C at different temperatures were determined by the total plastic work at 
the critical point of fracture, which were obtained in Table 3. 
    In addition, a FE model of 0º axial tension test employed YLD2000-2D yield 
criterion was established to verify the fracture model, and the stress-strain curves of 
simulation and experiment results are compared, as shown in Fig. 13. The maximum 
relative error of the simulation is within 6%, which can be considered that the material 
model is reliable. 
 



 
Fig. 13. Fracture model validation: FE model simulation result of 0º tension and a comparison of 

stress-strain curves of simulation and experiment results. 

4 Design of tube rotary draw bending at cryogenic temperature 

    As a typical forming process of bending tubes, rotary draw bending method [5] has 
the characteristics of high efficiency, good quality, easy control, and high precision, 
which is an appropriate chosen for LDTW tube bending studied in this work. A 
computer numerical control (CNC) tube bender was used in this bending experiment 
platform to realize tube rotary draw bending, and the tooling for rotary draw bending 
contains a pressure die, a wiper die, a bending die, a couple of clamping dies, and a 
mandrel with several mandrel balls. 
    Due to the cryogenic forming potential of Al-alloy materials, a cryogenic bending 
platform of LDTW Al-alloy tubes was designed. Compared with bending forming at 
RT, the difficulty of cryogenic bending experiment mainly lies in how to realize the 
cooling, temperature measurement and temperature control of the tubes in an 
unenclosed space. 

4.1 Cooling and temperature control system 

    The operating environment of tube rotary draw bending is open and cannot be sealed, 
therefore, the key to cryogenic bending lies in regional cooling and temperature 
maintenance. Since the deformation of tube rotary draw bending is at the bending 
tangent point, it is very critical to focus cooling and temperature control on bending 
tangent point and its surrounding area during deformation process.  
    It is designed two kinds of cooling channels to realize tube cooling during the whole 
bending process, namely internal and external cooling of tube. The internal cooling is 
feeding LN directly into the inside of tube. A plug with appropriate size, as shown in 
Fig. 14 (a), was fixed at the end of the tube to reduce the circulation between the tube 
inner space and the outside environment and maximize the internal cooling efficiency. 
When LN delivery is opened, it will flow into the tube continuously through the channel 
connected to the plug, and the tube can be cooled from the inner. 
    The external cooling of the tube is realized by tooling structure design. During the 
bending process, the area of tube bending tangent point is always in contact with the 
forming molds of pressure die and wiper die. Due to the thin wall of tubes and the high 
thermal conductivity of Al-alloy materials, cooling the mold can conduct the tube to be 



cooled from the outside. Uniform cooling channels connecting LN were designed on 
the pressure die and wiper die, as shown in the Fig. 14 (b), which can ensure efficient 
and uniform cooling the area around the bending tangent point. 
    Additionally, temperature monitor and control are also very critical to cryogenic 
environment maintenance. Two monitor points were selected to obtain the temperatures 
at inner and outer sides of tube tangent point, respectively. The outer monitor point is 
at the front end of the pressure die contacting tube outer surface and the inner one is at 
the first mandrel ball contacting tube inner surface. A thermometer connected to a 
couple of thermocouples was used and two induction contacts with bimetallic strain 
gauges of the thermocouples were placed at the two monitor points to record 
temperatures. LN was connected to the internal and external cooling channels and its 
flow velocity can be controlled by valve regulation to cool down and maintain 
temperature. The cryogenic experiment platform of tube rotary draw bending was 
finally conducted, as shown in Fig. 14 (c).  
    To determine the cooling efficiency of internal and external cooling channels 
respectively, the cooling effects of three cooling modes are investigated and compared, 
namely only external cooling, only internal cooling, and both internal and external 
cooling. The time taken to reach the target CT from RT under different cooling modes 
was measured to determine cooling efficiency, and the results are shown in Table 8. It 
indicates that the internal and external cooling mode has the shortest cooling time and 
the highest cooling efficiency and can achieve a cooling of -180 °C within half an hour. 
For the cooling of inner monitor point, it takes about the same time for internal cooling 
and external cooling, while for the cooling of outer monitor point, the cooling efficiency 
of external cooling is higher than that of internal cooling. Both monitor points need to 
reach the target temperature, so the cooling time is determined to be the longest of the 
two monitor points. In this way, the efficiency of only external cooling and only internal 
cooling is almost the same. In addition, when the external cooling method is used, the 
temperature of the outer monitor point is always lowered faster than that of the internal 
monitoring point. This is because the pressure die contacting the outer monitor point 
has a deeper cooling channel than the wiper die contacting the inner monitor point due 
to geometry, which makes the temperature lower down faster. Therefore, considering 
the cooling efficiency corresponding to different target temperatures, it is very 
necessary to cool down the tube by dual cooling of inner and outer channels. 

  
                        (a)                                                                       (b) 



  
(c) 

Fig. 14. Design of tube rotary draw bending at cryogenic temperature: (a) internal cooling, (b) 
external cooling, (c) temperature monitor and control of the cryogenic experiment platform of tube 
rotary draw bending. 

Table 8. The cooling time taken from RT to the target temperature by different cooling modes. 
Target 

temperature 
Monitor 

point 
Time of external 

cooling 
Time of internal 

cooling 
Time of internal and 

external cooling 

-60℃ 
Inner  12 mins 12 mins 7 mins 

Outer 7 mins 12 mins 5 mins 

-120℃ 
Inner  29 mins 28 mins 18 mins 

Outer 21 mins 26 mins 11 mins 

-180℃ 
Inner  ＞ 30 mins ＞ 30 mins 28 mins 

Outer ＞ 30 mins ＞ 30 mins 19 mins 
 

4.2 Cryogenic bending process 

    Based on the established cryogenic experiment platform of tube rotary draw bending, 
a set of experimental procedures consisting of four parts was also designed, as shown 
in Fig. 15. 

 
Fig. 15. Experimental procedures of cryogenic bending process. 

 



    The first step is assembly of tube and tooling. Firstly, fix a thermocouple on the inner 
monitor point, and put the tube on the mandrel. Then, assemble wiper die, bending die, 
pressure die and a couple of clamping dies in sequence, followed by placing another 
thermocouple at the outer monitor point. Next, the plug for internal cooling was 
assembled to the end of tube. Finally, the preparation was done by connecting LN 
delivery pipes to the cooling channels on the plug and forming dies. 
    The second step is to cool down the tube. Turn on the thermometer and check if it 
works normally. Next, turn on the internal and external cooling systems, LN can be 
continuously fed in cooling channels, and the temperature near the bending tangent 
point begins to drop. When it drops to the required temperature, it can be controlled by 
adjusting the flow velocity of LN. When the temperature has stabilized at the desired 
temperature, the bending test can begin.  
    The third step is tube bending forming. First the bending parameters has to be set to 
CNC system of the tube bender. The angular velocity is 1°/s and set the feed speed of 
pressure die according to tube radius and bending radius. The bending angle in this 
work is set to 90°. Start the CNC bender to bend the tube to the setting angle, and 
temperature needs to be monitored and controlled during the whole bending process. 
    The last step is to close the LN delivery and unload all tooling constrains to remove 
the tube. Finally, the bent tube sample can be obtained by such experimental procedures 
of cryogenic bending. 

5 Results and discussions 

5.1 Model validation by bending defects evaluation 

    The forming quality and bending limit of LDTW tubes are restricted by various 
defects. In order to quantitatively evaluate tube formability, an evaluation method 
shown in Fig. 16 (a) was approached in this work. The bending center is taken as the 
origin point, the distance from each point along the bending inner ridge to the origin 
point is measured, signified the distance as L. Due to the different bending radii, the 
distance H of the bent tubes with different bending radii is also different. For the 
convenience of comparison, subtract the corresponding bending radius Rd from the H 
value, then adding half time of the tube diameter D to this value, which defined as W, 
as illustrated in Eq. (19). Then, the curve obtained by W corresponding to bending angle 
α of every point is taken as wrinkle indication, so the inner ridgeline curve of the tubes 
with different bending radii can be compared.  

d 0.5H L R D= − +                                                         (19) 
    Defined the average distance from the wrinkle peak to the troughs on both sides as 
the wave height of a wrinkle, as ΔH given in Eq. (20), where Hp is the height of the 
wrinkle peak and Ht1 and Ht2 are the heights of the wrinkle troughs on both sides, 
respectively. Wall thinning of the outer ridge is evaluated by wall thickness reduction 
rate Δt of every point along the outer ridgeline, as defined as Eq. (21), where t is the 
initial wall thickness, and t’ is the tube wall thickness after bending. 
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    The evaluation indicators as described above can be easily obtained by the 
visualization of FE model for simulation results. The wrinkling produced by actual tube 
bending, however, is relatively difficult to accurately measure by ordinary vernier 
calipers and screw micrometers. Therefore, a three-dimensional (3D) scanning 
equipment, named AltaScan handheld laser 3D scanner shown in Fig. 16 (b), is used to 
accurately measure the wrinkling defects for experiment results. The tube wall 
thickness data was collected by cutting and measuring the bent tubes every 10°, as 
shown in Fig. 16 (c).  

   
(a)                                             (b)                                        (c) 

Fig. 16. Indicators and measurement method of defects evaluation: (a) schematic diagram of defect 
evaluation of tube after 90° bending, (b) 3D scanner for wrinkling measurement in experiment 
results, (c) schematic diagram of tube cross-section cuttings for thickness measurement in 
experiment results. 
 
    Experiments of rotary draw bending of the LDTW tube with Rd = 2.0D at RT and -
60℃ were carried out to validate the model. Fig. 17 shows the sample bent at RT and a 
comparison with the simulation results by the two yield criteria. It can be seen that the 
bent sample at RT is significantly wrinkled, and there are cracks at the severe wrinkles. 
Obviously, YLD2000 yield criterion can more accurately describe the wrinkling and 
crack than the Hill’48 criterion. The essential reason should be explained from the 
nonlinear stress state of the thin-walled tube during bending process. The key stress 
states of biaxial tension and biaxial compression for tube bending are developed in 
YLD2000 criterion, which is the fundamental reason why it is better than Hill’48 in 
predicting the formability. Thus, YLD2000-2D criterion was employed to describe the 
yield behavior of tube bending.  
    Forming defects are quantitatively measured and compared, as shown in Fig. 18. For 
the tube bent at RT, the average ΔH of simulation result and experiment result is 1.18 
mm and 1.13 mm respectively, and the relative error is 4.2%. The average Δt of 
simulation result and experiment result is 0.163 and 0.148 respectively, and the relative 
error is 9.2%. For cryogenic bending at -60℃, the average ΔH of simulation result and 
experiment result is 0.22 mm and 0.21 mm respectively, and the relative error is 4.5%, 
and the absolute error is only 0.01 mm which is very small. The average Δt of simulation 
result and experiment result is 0.124 and 0.113 respectively, and the relative error is 



9.7%, the absolute error is only 0.012. Thus, it can be considered that the established 
FE model for rotary draw bending of LDTW 6061-O Al-alloy tubes is accurate and 
reliable. 

 
Fig. 17. Bending experiment result at RT with 2.0D bending radius and a comparison of wrinkling 
patterns with simulation results by the two yield criteria. 
 

  
(a)                                                                           (b) 

  
    (c)                                                                           (d)  

Fig. 18. Results of forming defects with 2.0D bending radius by simulation and experiment: (a) 
wrinkling pattern along tube inner ridgeline at RT, (b) wall thickness reduction rate along tube outer 
ridgeline at RT, (c) wrinkling pattern along tube inner ridgeline at -60℃ and (d) wall thickness 
reduction rate along tube outer ridgeline at -60℃. 
 



5.2 Cryogenic bending potential of LDTW 6061-O Al-alloy tubes  

• Tube formability at RT 
    Bending radius was set as 3.0D and 2.0D to explore the tube formability bending at 
RT, and the results are shown in Fig. 19. It can be seen from the figure that when the 
bending radius is 3.0D, the bending forming quality at RT is good. There is no wrinkle 
on the inner ridge, and the thinning rate on the outer ridge does not exceed 12%. 
However, when bending radius is improved to 2.0D, the wall thickness reduction rate 
is still within 25%, while the inner ridge is obviously wrinkled, and cracks appears in 
the wrinkle valleys. Therefore, the bending limit of LDTW 6061-O Al-alloy tubes at 
RT is 3.0D. 

 
(a) 

   
(b)                                                                           (c) 

Fig. 19. Results of rotary draw bending of LDTW 6061-O Al-alloy tubes with 3.0D and 2.0D 
bending radii at RT: (a) overview of simulation results, (b) wrinkling pattern along tube inner 
ridgeline, (c) wall thickness reduction rate along tube outer ridgeline. 
 
• Tube formability at CT 
    Considering that the forming quality is poor when the bending radius is 2.0D at RT, 
the bending process of tubes with 2.0D bending radius was performed at CT by 
simulations to explore the cryogenic bending potential of LDTW 6061-O Al-alloy tubes. 
    The simulation results of the tube after bending 90° at CT are shown in Fig. 20, and 
wrinkling curves and thickness reduction rate were quantitatively characterized, which 
are given in Table 9. When the wave height exceeds half time of the wall thickness, that 
is 0.35 mm, it is counted as a wrinkle wave. Although there are some waves whose 
wave height does not exceed 0.35 mm in Fig. 20 (b), it is only considered that there is 
a tendency to wrinkle in these places, yet not a real wrinkle.  



 
(a) 

  
(b)                                                                           (c)  

Fig. 20. Results of rotary draw bending of LDTW 6061-O Al-alloy tubes with 2.0D bending radius 
at RT and CT: (a) overview of simulation results, (b) wrinkling pattern along tube inner ridgeline, 
(c) wall thickness reduction rate along tube outer ridgeline. 
 

Table 9. Forming defects at different temperatures. 

Temperature Number of ΔH > 
0.35 mm 

Average 
ΔH /mm 

Maximum 
ΔH /mm Average Δt Maximum Δt 

RT 12 1.18 1.81 0.164 0.189 

-60℃ 0 0.22 0.35 0.125 0.144 

-120℃ 3 0.28 0.41 0.119 0.136 

-180℃ 7 0.43 0.60 0.109 0.125 
 
    It can be found that cracks appeared only when the tube was bent at RT, which shows 
that cryogenic bending can effectively avoid fracture. As the temperature decreases, 
however, the improvement of tube formability is not monotonic, and the degree of 
wrinkling decreases first and then increases. The average and maximum wrinkle heights 
both decrease first and then increase with the temperature decreasing. But for the 
thinning of wall thickness, it decreases continuously with the temperature getting lower. 
    The influence of temperature on each defect were analyzed and compared to 
determine the optimum bending temperature. The minimum degree of wrinkling 
appeared at -60℃ and the wrinkling degree is very low which can be considered almost 
has no wrinkle and there is only a wrinkling tendency. On the other hand, the 
temperature for maximum avoiding wall thickness reduction is -180℃. However, it can 
be found that Δt decreases most rapidly as the temperature decreasing from RT to -60℃. 
The average Δt has been reduced about 23.7% from RT to below 0.15 at -60℃, which 



shows that the forming quality is significantly improved. When the temperature 
continues to decrease, the improvement of the wall thickness reduction is no longer 
obvious. Due to the consideration of the effect of cryogenic temperature on forming 
defects and the cost of cryogenic bending tests, -60℃ was finally selected as the most 
optimum temperature for bending of LDTW Al-alloy tubes. 
 
• Breaking bending limits by cryogenic forming 
    To further explore the bending limit at CT, numerical simulations of tube bending 
with different bending radii were carried out by cryogenic forming. The bending radius 
was set as 1.5D, 1.0D and 0.8D, and the tube formability with Rd=2.0D was taken to 
make comparison. Forming temperature is set as the most optimum temperature -60°C. 
Fig. 21 and Table 10 show the results of rotary draw bending of LDTW 6061-O Al-
alloy tubes at different bending radii at -60℃. It indicates that the degree of forming 
defects increases as the bending radius decreases. When the bending radius reaches 
0.8D, the tube cannot complete the bending due to a crack.  

 
(a) 

  
(b)                                                                           (c)  

Fig. 21. Results of rotary draw bending of LDTW 6061-O Al-alloy tubes with different bending 
radii at -60℃: (a) overview of simulation results, (b) wrinkling pattern along tube inner ridgeline, 
(c) wall thickness reduction rate along tube outer ridgeline. 
 

Table 10. Forming defects at different bending radii. 
bending 
radius 

Number of ΔH > 
0.35 mm 

Average 
ΔH /mm 

Maximum 
ΔH /mm Average Δt Maximum Δt 

2.0D 0 0.22 0.35 0.125 0.144 

1.5D 0 0.24 0.35 0.175 0.201 

1.0D 0 0.27 0.36 0.224 0.250 
 
    For the results of wrinkling, both average ΔH and maximum ΔH become larger as 



the bending radius getting small. In addition, the wrinkling tendency trends to appear 
later as the bending radius getting lower. When the bending radius is 2.0D, wrinkling 
tendency is mainly concentrated at the front end of the tube while that occurs at the rear 
end when the bending radius is reduced to 1.0D. While there is no wrinkle wave with 
ΔH > 0.35 mm occurs, a critical maximum ΔH of 0.35 mm occurs when the bending 
radius reduces to 1.0D, which means that the bending limit at which wrinkling does not 
occur has been reached. 
    The wall thickness reduction rate Δt increases significantly as the bending radius 
decreases from 2.0D to 1.0D. When the bending radius is 1.0D, the maximum Δt has 
reached 0.260, which is a very critical state for such LDTW 6061-O Al-alloy tubes, and 
finally cracks when the bending radius reduces to 0.8D. So, the bending limit within 
the thinning range that the tube wall can withstand is also 1.0D. Therefore, for the 
LDTW 6061-O Al-alloy tubes (D/t=89) studied in this work, the theoretically 
achievable bending limit is 1.0D bending radius.  

5.3 Inhibition mechanism of cryogenic temperature on forming defects 

    Many research attributed the formability development in Al-alloy component to 
cryogenic enhancement in the tensile strength and ductility of Al-alloy materials, which 
are related to dynamic recovery [40], dislocation type transition [41], and second phase 
interaction [42],[43]. But for cryogenic bending, the improvement of tube formability 
is the result of the comprehensive superposition of the influence by these material 
mechanical properties and tools constraints related friction behavior, rather than simple 
improving as the temperature decreasing. Accordingly, the effects of cryogenic 
temperature on tube bending formability are mainly affected by two aspects, one is the 
overall improvement of the mechanical properties of Al-alloy tubes at CT, and the other 
is the effect of the change of friction coefficient between tube and tooling dies at CT. 
Inhibition mechanisms of cryogenic temperature on forming defects are analyzed from 
the corresponding two aspects. 
    Mechanical properties involving fracture energy C, anisotropy index r, strength 
factor K and hardening index n and friction coefficients between tube and bending die, 
mandrel die, pressure die and wiper die were taken to study the effect of CT on Δt and 
ΔH, respectively. According to the results obtained in Section 5.2, bending radius is set 
as 2.0D. A method of controlling for a single variable was employed, and the parameter 
ranges for each set of variables correspond to the parameter ranges at the studied 
temperatures. For other parameter settings except variables, they are consistent with the 
condition under bending at RT for the study of variables C, r and n. Since cracks may 
occur for the study of variables that may enhance bending defects at CT, viz. K and 
friction coefficients, when the other parameter settings are same as the condition at RT, 
thus the condition at -60℃ is selected for the study of these variables. 
 
• Effect of cryogenic temperature on wall thinning and cracking 
    The results of the effects of CT on wall thinning and cracking were obtained in Fig. 
22. It can be seen from the figure that the influences of different variables on the wall 
thickness reduction are quite different. Variations of mechanical properties at CT have 



a greater effect on Δt than those of frictional properties. 

  
(a)                                                              (b) 

  
(c)                                                              (d) 

  
(e)                                                              (f) 



  
(g)                                                              (h) 

 
(i) 

Fig. 19. Effects of mechanical properties and friction coefficients under different temperatures on 
Δt with 2D bending radius: (a) C, (b) r, (c) n, (d) K, and friction coefficients between tube and (e) 
bending die, (f) mandrel die, (g) pressure die and (h) wiper die and (i) the trend of average Δt under 
different temperatures corresponding to variables change. 
 
    Mechanical properties of C, r, n and K all increase with the decrease of temperature, 
and the cryogenic enhancement of C, r and n can reduce wall thinning of tube, 
conversely, a larger K at CT intensifies wall thinning.  
    For the effect of the variable fracture energy C, when the temperature drops from RT 
to -60°C, the average Δt decreases by about 8%, and the maximum Δt remains basically 
unchanged. As the temperature continues to drop, the wall thinning no longer changes 
with temperature. This is because the elongation of the material increases significantly 
at CT, and accordingly the fracture energy increases. When the fracture energy of the 
material is greater than the threshold fracture energy, the change of C value has little 
effect on the material defects. For the effect of the variable r-value, the wall thinning is 
significantly weakened with the decrease of temperature, especially when the 
temperature is reduced from RT to -60°C, the average Δt is decreased by about 10%. 
The effect of the variable n values is very similar of that of the variable r-value, and 
somewhat more drastically. The average Δt decreased by about 16% at -60°C and then 



remained stable. When K increases, the average Δt first decreases slightly (about 4%) 
at -60°C, then increases as the temperature getting lower, and increases by about 11% 
at -180°C. The influences of the above four mechanical properties on wall thinning at 
CT can well explain why Δt decreases at CT and drops most fast from RT to -60°C. 
    From the perspective of material deformation mechanism, the cryogenic effect of 
material properties on wall thickness reduction can be explained from two aspects. One 
is that the strength and hardening of the material are improved at CT, accompanied with 
a lager elongation, results in enhancements of C, n and K at CT. Thus, the proportion 
of uniform plastic deformation stage in the entire deformation process will increase 
accordingly, thereby reducing wall thinning. Another is that the increased anisotropy 
index r-value under CT also promotes a more uniform deformation. The tube outer 
ridge is mainly subjected to tensile stress. When r is less than 1, according to the 
definition of Eq. (1), the shrinkage strain of the material in the transverse direction is 
smaller than that in the thickness direction. As the temperature decreases, the r-value 
increases significantly and is closer to 1. This means that the material is less anisotropic 
at CT and its shrinkage strain is more uniform in the transverse and thickness directions. 
In other words, the cryogenic environment can weaken the anisotropy of LDTW Al-
alloy tubes, thereby effectively reducing wall thinning and cracking during forming. 
Fig. 23 shows the fracture sections of the specimens after uniaxial tensile fracturing at 
RT and -180℃. While the elongation is greatly improved at -180℃, the aspect ratio of 
fracture cross-section is more uniform, and the thickness shrinkage is not as strong as 
it at RT. This can also intuitively explain the decrease in tube wall thinning at CT. 
    For the effects of restraint, tube wall thinning at CT is mainly intensified by the 
friction between tube and pressure die, mandrel die and bending die, offering axial 
thrust force and inner radial support. According to the cryogenic friction results, when 
the friction coefficient between tube and pressure die decreases at CT, the thrust force 
of pressure die and bending die on the tube will decrease accordingly, which is not 
conducive to reducing Δt. When it is reduced to a certain extent, the tube may even slip 
from the tooling dies. While Δt is reduced very slightly by the friction between tube 
and wiper die at CT. This is because the wiper die and the pressure die jointly provide 
external constraints on the tube, however, the wiper mainly provides support for the 
inner side of the tube, so it has little impact on the outer thinning. On the whole, the 
decreasing in friction at CT may increase wall thinning of tubes, but only to a small 
extent. 

 
Fig. 23. The fracture sections of the specimens after uniaxial tensile fracturing at RT and -180℃. 

 
• Effect of cryogenic temperature on wrinkling 
    Compared with the sheet forming, tubes have the characteristics of circumferential 



closure, which makes it have geometric self-constraints, thus the instability problem 
during forming process of tubes is more complicated [44]. From the results in Section 
5.2, the effect of temperature on wrinkling is not monotonous. Instead, as the 
temperature decreases, it first decreases and then increases. The lowest degree of 
wrinkling occurs when bending at -60°C. The reason is that not all enhancements of 
material properties and decreasing in friction at CT are beneficial to suppress wrinkling. 
The results of the effects of CT on wrinkling were obtained in Fig. 24. 

  
(a)                                                              (b) 

  
(c)                                                              (d) 

  
(e)                                                              (f) 



  
(g)                                                              (h) 

 
(i) 

Fig. 24. Effects of mechanical properties and friction coefficients under different temperatures on 
ΔH with 2D bending radius: (a) C, (b) r, (c) n, (d) K, and friction coefficients between tube and (e) 
bending die, (f) mandrel die, (g) pressure die and (h) wiper die and (i) the trend of average ΔH under 
different temperatures corresponding to variables change. 
 
    It can be found that the most significant impacts on wrinkling at CT is owing to the 
mechanical properties n and K, and the influence of the two factors on wrinkling varies 
with temperature in the opposite direction, which directly leads to the non-monotonic 
variation of wrinkling with temperature. Mathematically, the hardening index n is the 
power exponent of the Swift hardening law fitting stress-strain curve in the plastic 
deformation stage, which can reflect the uniformity of plastic deformation. The increase 
of the n value makes the deformation more uniform, leading to a reduction of the 
compressive stress on the tube inner ridge, so that wrinkling is more difficult to occur. 
On the contrary, an increase in strength factor K is not conducive to suppressing tube 
wrinkling [45] due to the fact that the compressive stress applied on tube inner ridge 
raises during the bending process with the increase of K, which promotes wrinkling 
degree accordingly [46]. The effects of C and r-value also tend to reduce wrinkling for 
a fracture energy above the threshold and more uniform strain distribution during 
deformation, but the degrees are not obvious.  



    In addition, influence of friction at CT on wrinkling should also be considered. The 
friction force of the wiper die, pressure die as well as mandrel on the tube can increase 
the tangential compressive stress at tube inner ridge. When the friction coefficients 
decrease at CT, the friction force decreases accordingly, which helps to weaken the 
tendency and degree of wrinkling. But on the other hand, when the friction force of 
bending die on the tube is reduced at CT, it leads to accelerate wrinkling for less support 
force generated by bending die.    
    In general, the impacts of different variables on wrinkling are different and diverse 
from those on tube wall thinning, with some properties inhibiting wrinkling and others 
promoting it. The non-monotonic relationship between wrinkling degree and CT is a 
result of interactions among multiple factors.  

5.4 Experimental verification for tube formability improvement by cryogenic forming  

   Cryogenic forming of LDTW Al-alloy tubes with Rd=2.0D was finally experimentally 
performed by the designed cryogenic bending platform. Forming temperature was set 
as the most optimum temperature -60℃. Fig. 25 shows the tube samples bent at RT and 
-60℃, respectively. Compared with the tube bent at RT, the forming quality of the tube 
by cryogenic bending at -60℃ shown in Fig. 25 (b) is significantly improved, no crack 
and no wrinkle appears on tube inner ridge. The results of cryogenic bending 
successfully verified the effect of cryogenic temperature on developing formability of 
LDTW Al-alloy tubes. It is a great improvement for avoiding wrinkling and wall 
thinning for bending of LDTW 6061-O Al-alloy tubes by cryogenic forming.  
 

   
(a)                                                                           (b)  

Fig. 25. Experiment result of rotary draw bending of LDTW 6061-O Al-alloy tubes with 2.0D 
bending radius: (a) at RT, (b) at -60℃. 

6 Conclusions 

    In this study, cryogenic forming of Al-alloy materials is used to effectively solve the 
tough issue of precise bending of the hard-to-form tubular materials with extremely 
specification. Here are the main conclusions. 
    (1) Cryogenic characterizations of LDTW Al-alloy tubes, including material 
mechanical properties and friction behaviors, have been realized. A characterization 



method by combining experiment and VPSC-based simulation was investigated to 
solve the anisotropic parameters at CT. As the temperature decreases, the mechanical 
properties of the LDTW 6061-O Al-alloy tubes are significantly improved, and the 
friction coefficients exhibit varying degrees of decline.  
    (2) An innovative cryogenic bending method was investigated and the experiment 
platform of tube rotary draw bending at cryogenic temperature was well designed. 
Internal and external cooling channels was approached to realize tube cooling during 
the whole bending process. The cooling efficiency was compared and optimized, it is 
very necessary to cool down the tube by dual cooling of inner and outer channels. 
    (3) It is proved that tube formability evaluated by two bending defects of wall 
thinning and wrinkling can be effectively improved by cryogenic bending. As the 
temperature decreases, tube thickness reduction decreases continuously, however, the 
degree of wrinkling decreases first and then increases, and the most optimum 
temperature was obtained at -60℃. Bending limit has been further explored and it has 
been improved from Rd=3.0D at RT to 1.0D at -60℃. Cryogenic bending of LDTW Al-
alloy tubes with Rd=2.0D at -60℃ was finally experimentally performed. 
    (4) For wall thickness reduction, cryogenic enhancement of C, r and n can reduce it, 
conversely, a larger K at CT intensifies it. The decreasing in friction of wiper die and 
pressure die at CT can promote wall thinning but only to a very small extent. For 
wrinkling, the opposite effects of strength factor K and hardening index n mainly cause 
of the non-monotonic relation between the temperature and wrinkling degree. The 
friction of bending die also has an impact to increase wrinkling at CT. 
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