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A B S T R A C T   

In response to the increased demand for high dimensional accuracy and mechanical properties of formed metal 
products, this research aims to provide new insights into the impact of thermo-mechanical processing routes on 
quality in integrated bending process for heat-treatable aluminium tubes. Based on carefully controlled exper
iments with four representative processing routes, including R1: solution-heat-treatment (SHT) → bending → 
artificial aging (AA), R2: SHT → bending → natural aging (NA), R3: SHT → NA → bending → AA, and R4: SHT → 
NA → bending, the impact of these routes on final geometrical dimensions and mechanical properties of bent 
parts is thoroughly evaluated. As compared with R2 and R4 routes employing naturally-aged tubes in the 
bending operation, R1 and R3 routes with bending of SHT tubes significantly reduce both springback by 50 % 
and wall-thinning by 26 %. Considering product strength, however, for the routes with AA, R3 can achieve 16 % 
improvement of the hardness as compared to R1; for the routes without AA resulting in products in T4-temper, 
R4 can make the average hardness 20 % higher than R2. Moreover, R1 and R3 routes can make a more uniform 
hardness distribution in the cross-section of bent tubes than the two others, meaning that AA reduces the 
hardening effect of pre-deformation. All these findings provide a knowledge basis for the selection of suitable 
processing routes as well as the design of new, customized processing routes for the efficient manufacture of 
value-added aluminium tubular products.   

1. Introduction 

Aluminium alloys are playing a core role in metal forming for the 
sustainable and lightweight design of products to meet the stringent 
demands for reduced fuel consumption and CO2 emissions [1]. Bent 
aluminium alloy tubes, profiles, and extrusions, as one type of important 
lightweight structures in aluminium family, are widely used in many 
industrial fields such as automobile, highway train and aerospace, 
typically serving as low-weight mass/heat-transferring systems or 
load-bearing structures [2]. Especially in the automobile industry, 
heat-treatable Al-Mg-Si aluminium alloys have gained great popularity 
due to their favorable strength-to-density ratio in combination with high 
corrosion resistance, weldability and recyclability [3]. 

In today’s competitive market, product requirements have become 
increasingly more stringent and important. For the design and devel
opment of products made by metal forming, both ‘dimensional accuracy- 
driven’ and ‘product property-driven’ requirements must be satisfied to 
assure functional performance of products [4]. Important concerns 
associated with the former in tube bending processes, include 

wall-thinning (or cracks or other failures), ovalization of cross-section, 
springback, etc., causing a series of problems to subsequent processing 
operations as well as to functional performance of final products [5]. 
Taking the springback for example, it increases tolerance bands of final 
products, variability in assembly and durability of products [6]. From 
the concern of product performance taking mechanical properties as an 
example, favorable strength, residual stresses, and multiple other 
influential factors must be defined to ensure high in-situ performance 
[7]. For example, pressure-resistance (load-bearing) capability is one of 
key performance features of tubular parts, which not only depends on 
the strength of formed parts but is significantly affected by the 
geometrical dimensions of bent tubes such as wall-thinning [8]. 

Up to now, different tube bending methods have been developed, for 
example, rotary draw bending (RDB) [9], push bending [10], roll 
bending [11], stretch bending [12], and free-form bending [13,14]. To 
further improve bendability for hard-to-deform materials, heat-assisted 
bending processes have also been developed based on the above bending 
methods [15–18]. Moreover, Zhou et al. [19] proposed a differential 
velocity sideways extrusion process, which enables the manufacturing of 
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curved aluminium profiles with fine grains and high strength. Lin et al. 
[20] recently proposed a radial hydro-forging bending process, which 
could alleviate the complication of springback for bent tubular compo
nents. These methods greatly contribute to the manufacture of 
aluminium bent tubular parts for different application purposes. 
Notwithstanding, many issues related to dimensional accuracy and 
mechanical properties are still challenging to control. Seeking advanced 
processing approaches to address the above issues is still important and 
imperative. To achieve this goal, an alternative, effective strategy is 
integrating forming operations and thermal treatments, seeking more 
optimal conditions for a given application and production setup. Such a 
strategy is particularly important to the products made of heat-treatable 
aluminium alloys, as the unique strength response under different 
thermal treatments provides additional flexibility to proactively control 
dimensional accuracy influenced by e.g. springback and the mechanical 
properties of the product strength, as well as improve the formability. At 
the same time, this strategy has a potential to positively affect produc
tion efficiency, process capability, and manufacturing cost, as compared 
to some other methods. 

To design feasible and efficient integrated processes for high-value 
aluminium bent tubes, the complex effect of thermal processing route 
(or history) on geometrical and mechanical characteristics must be 
known. At present, extensive efforts have been made to develop the 
integrated processing routes by combing conventional forming opera
tions together with thermal treatments such as solution-heat-treatment 
(SHT) and artificial aging (AA). A typical example is the Hot Form and 
Quench (HFQ®) process proposed by Lin et al. [21], which has been 
developed as a leading-edge technique in hot stamping of high-strength 
aluminium panels. In this process, the sheet blank is 
solution-heat-treated to dissolve precipitates and inclusions to obtain a 
more ductile behavior, before being quickly transferred to the stamping 
operation and instantly quenched in cold dies. The AA operation is 
normally the final thermal processing step for heat-treatable alloys used 
to increase the strength of formed parts supplied in T6 (or T5) condition 
[22]. As springback is closely related to the yield strength-to-Young’s 
modulus ratio, the SHT step enables a significant decrease of springback 
due to the lower material strength. At the same time, the SHT improves 
the ductility of aluminium alloys, which enables the forming perfor
mance of hard-to-form products. In order to improve the control of 
dimensional accuracy and mechanical product properties, while 
providing efficient and economic production for the processes, optimi
zation of upstream and in-line parameters is needed, in particular, the 
thermal processing ones [23]. For example, Li et al. [24] proposed a fast 
aging strategy for stamped heat-treatable alloys, in which a two-stage 
aging scheme including pre-aging at a higher temperature and subse
quent paint bake stage at relatively low temperatures, thus reduce the 
aging time needed as compared with the conventional AA method at a 
constant temperature. However, these studies are focused on the 
stamping of sheet parts, and there is a lack of such type of studies on the 
process design of aluminium tube bending. Even though, the above 
studies provide a useful reference to explore and design more efficient 
processes with integrating thermal processing routes in conventional 
aluminium tube bending. As the deformation characteristics in tube 
bending are different from those in sheet stamping, the contribution of 
these thermal processing routes to the improvement of overall quality 
characteristics may also different and are not clearly understood yet. 

Several attempts have also been made to design or customize thermal 
processing routes for tube bending processes. To name a few, Bourget 
et al. [25] examined the influence of heat treatment parameters on 
mechanical properties and bendability of AA6063 cold-drawn 
aluminium tubes, showing that the latter is significantly influenced by 
heat treatment applied to the tubes prior to forming. Also, elongation at 
fracture measured in a uniaxial tensile test was found to have strong 
correlation with tube bendability in that work. However, in that work, 
only the effect of a single heat treatment step before forming on bend
ability was considered, and more detailed geometrical dimensions and 

mechanical properties of bent shapes were not concerned either. Sert 
et al. [26] investigated the effect of heat treatment of T6, T4, and O 
tempers on the bending behavior of 6082 tubes in three-point bending. 
However, the main emphasis of this work was put on the effect of heat 
treatment on specific energy absorption capability, and the forming 
quality of bent tubes were not concerned. Ma et al. [27] studied the 
effect of pre-bend natural aging (NA) time on springback of AA6060 
alloy tubes in rotary draw bending (RDB), showing that springback is 
very sensitive to the NA time at room temperature. However, in that 
work, only the springback related to the pre-bend shelf life is concerned. 
How the processing route influenced other critical geometrical di
mensions, like wall-thinning and cross-sectional ovalization, as well as 
mechanical properties, were not investigated in that work. In particular, 
there is a lack of understanding on the effect of heat treatments after 
forming as well as the coupled effect thermal processing routes 
throughout the entire process on the quality of bent tubular parts. 

The body of research on the influence of thermal processing routes 
on quality of formed aluminium components is obviously more exten
sive than the above-summarized ones, and many works not mentioned 
above have made important contributions to the understanding of the 
topic. However, very few relevant studies of how the thermo-mechanical 
processing route affects both geometrical dimensions and mechanical 
properties in the bending of aluminium tubes, are found. Thus, lack of 
knowledge in this research field has put a restriction to effective design 
and development of aluminium tube bending processes, considering the 
thermo-mechanical history effect. 

Aiming to make a contribution to filling this research gap, the pre
sent study is done to provide new insights into the impact of thermal 
processing routes in the integrated bending process of aluminium alloy 
tubes. Using AA6060 alloy tubes as the case material, a series of pro
cessing routes are carefully designed and controlled to study how ther
mal treatments, including SHT, AA, and NA, in combination with rotary 
draw bending, affect product quality. Particular focus is made on 
geometrical dimensions of the bent tube—including springback, wall 
thickness variation, and ovalization of cross-section—as well as hard
ness distributions along the perimeter of the cross-section and the re
lationships to different thermal processing routes. The findings in this 
research improve the understanding of the impact of thermal processing 
on geometrical dimensions and properties in aluminium tube bending, 
which forms the basis for enabling the design of feasible and efficient 
processes for manufacturing of high-quality aluminium alloy products. 

The remainder of the paper is organized as follows. Section 2 pre
sents the experimental procedure including the design of processing 
routes, measurement methods, and a ‘NaMo’ simulation of material 
properties. Section 3 analyzes the influence of different processing 
routes on dimensional accuracy like springback, wall-thinning, and 
ovalization of cross-section, and strength of bent shapes. Finally, Section 
4 summarizes the conclusions and provides an outlook for future 
research. 

2. Methodology 

In this study, commonly used AA6060 tubes with nominal outer 
diameter (D) of 16 mm and wall thickness (t) of 1.7 mm are used to 
explore the impact of thermal processing routes on the product quality 
of bent parts. Since the diameter-to-thickness ratio (D/t = 9.41) is less 
than 20, the tubular section used in this work is normally categorized as 
thick-walled. The as-received tubes are supplied by the Hydro ASA 
company and manufactured by standard hot-extrusion process and 
naturally aged to stabilized T4-temper condition prior to arrival. The 
nominal chemical composition of AA6060 is listed in Table 1. It should 
be noted that the given geometry of tube used in this study is taken as a 
case material to explore the impacts related to processing routes. The 
principle of this integrated forming strategy presented in Section 2.1 is 
the thermal treatment-based manipulation of mechanical properties of 
materials and formed parts. Thus, this strategy is not limited to a certain 
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tube geometry but is applicable to manufacturing bent parts in AA6060 
with a wide range of geometries. 

2.1. Integrated processing routes 

The integrated processing strategy for aluminium bent tubes is 
shown in Fig. 1. It integrates cold bending operation and thermal 
treatments, seeking more optimal combinations for improved geomet
rical dimensions, mechanical properties, as well as formability. In this 
study, four processing routes are carefully designed to explore the effect 
of thermo-mechanical loading history on geometrical dimensions and 
product strength in AA6060 alloy tube bending. To make the entire 
experimental process more controllable, SHT and water quenching are 
performed for the entire batch of the T4-temper material received. 
Hence, the SHT with the subsequent water quenching is used as the 
initial step for all four processing routes to ensure the same basis, 
resembling the extrusion and cooling process used in industry for this 
alloy. Following this step, different combinations of thermal/natural 
aging treatments and cold bending are conducted. 

Referring to Fig. 2, the four processing routes are briefly introduced 
as follows:  

• Route I consists of SHT, immediate cold bending, and post-bend AA 
in sequence, which in short is described as ‘R1’.  

• Route II consists of SHT, immediate cold bending, and post-bend NA 
for 180 days to T4-temper, which in short is described as ‘R2’. No 
post-bend AA was performed.  

• Route III consists of SHT followed by 180 days storage to T4-temper, 
cold bending, and AA in sequence, which is in short described as ‘R3’.  

• Route IV consists of SHT, storage at room temperature for 180 days 
to T4-temper, and cold bending in sequence, which is in short 
described as ‘R4’. No post-bend AA was performed. 

It should be noted that, in R1 and R2 processes, the transfer time 
from SHT to bending operation is within 15 min so that the tubes prior 
to bending can be considered as W-temper (without natural aging). 
Similarly, for the experimental records, in R1 and R3, the transfer time 
between bending and post-bend-AA is also controlled within 15 min, 
although believed less important. To ensure more accuracy and 

reliability of the experimental results, three workpieces have been tested 
for each experimental condition. For all the four processing routes 
above, the experimental details for thermal treatments and cold bending 
are described as follows: 

2.1.1. Thermal treatment experiments 
The SHT experiments are conducted using a Nabertherm N41/H 

chamber furnace. The AA6060-T4 tubes are cut into segments with a 
length of 400 mm, and then placed into the furnace, and held at the 
solutionizing temperature of 550 ◦C for one hour. After SHT, the sam
ples are quenched into a cold-water tank and kept for 10 min in order to 
obtain the supersaturated solid solution microstructure. The artificial 
aging experiments are performed in the Nabertherm N41/H chamber 
furnace. Based on the aging time-strength curves of AA6060 alloy re
ported in [28], the aging temperature is set at 170 ℃ and the holding 
periods are set as 8 (most common in the industry), 16, and 24 h. For 
natural aging, the tubes are stored at room temperature (indoor in an 
experimental laboratory) for 180 days. 

2.1.2. Rotary draw bending (RDB) experiments 
RDB is one of the most widely used methods for forming bent tubular 

parts in different fields and applications. The principle of RDB is illus
trated in Fig. 3(a). The tube is subjected to multi-tool constraints 
including bend die, clamp die, pressure die, wiper die, etc. Under the 
geometrical constraints of the tools, the tube is drawn around the 
bending center to form a bent tubular part with a certain bending radius 
and bend angle. After bending, the tube is unloaded by releasing the 
tools and springback occurs accordingly. A STAR EVO BEND 800 CNC 
bending machine, as shown in Fig. 3(b), employing bending dies with a 
radius of R = 40 mm (R/D = 2.5), is used. Considering that the 
diameter-to-thickness ratio (D/t = 9.41) is less than 20, the wrinkling 
and over-ovalization defects normally is less likely to occur to any 

Table 1 
Nominal chemical composition of AA6060 (in wt.%) [28].  

Si Fe Cu Mn Mg Cr Zn Ti Other 

0.3~0.6 0.1~0.3 0.1 0.1 0.35~0.6 0.05 0.15 0.1 0.15  

Fig. 1. Schematic illustration of integrated tube bending process.  

Fig. 2. Schematic of the different processing routes: (a) R1: SHT → bending → 
AA; (2) R2: SH → bending → NA; (c) R3: SHT → NA → bending → AA; (d) R4: 
SHT → NA → bending. 
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significant extent during bending. Thus, a mandrel and wiper dies are 
not used in the bending process. The bend angles are set as θ = [30, 60, 
90, 120, 150] degree. The bending velocity is set as 25 degree per sec
ond, and the push velocity of the pressure die is kept proportional to the 
tangent velocity of the centerline of the tube. 

2.2. Geometric dimensional measurements 

For the bent tubes undergoing different thermal processing routes, 
the three main dimensional indices—i.e., springback, wall-thinning, and 
ovalization—are used to evaluate the geometrical characteristics. Fig. 4 
(a) shows schematically the angular changes observed due to the 
springback upon unloading. For the angular dimensional measurement 
of the bent tubes, as shown in Fig. 4(b), a Leitz-PMM-C-600 coordinate 
measurement machine is used. It should be noted that both the spring
back angle after bending and the springback variation between samples 
undergoing the same thermal processing route are evaluated. 

Fig. 4(c) and (d) show the cross-section cut from the center bend 
section (θ/2 position) of the tube. During the RDB process, the outside 
wall of the bent tube is under tension and thus undergoes thinning, 
whereas the inside wall is under compression and undergoes thickening. 
Here the changes of thickness and outer diameter of the bent tubes are 
measured by using a slide caliper. At the same time, the cross-section of 
the tube is ovalized or flattened. In this study, the quality characteristics 
including springback, wall thickness, and cross-sectional ovalization are 
considered to represent the dimensional accuracy. 

2.3. Hardness measurements 

The mechanical properties of the bent tubes are examined at the end 
of each processing route, using micro Vickers hardness (indentation) 
tests. Fig. 5(a) shows a ring sample for indentation tests, which is cut 
from the middle section of the bent tube. Fig. 5(b) illustrates the testing 
locations defined to examine the overall hardness distribution of bent 
tubular parts, including five representative locations at 0, 45, 90, 135, 
and 180 degree along the hoop direction of the ring sample. The ring 
samples are ground by SiC papers up to 4,000 grit, followed by diamond 
paste polishing with 3 μm and 1 μm particle size, and finalized by silica 
colloid suspension polishing (OPS, Struers) for about 20 min for each 
sample. After preparation, the indentation test is performed at the 
different locations using a Mitutoyo MicroWiZhard Vickers tester with 
4 s loading time, 10 s holding time and 4 s unloading time at a maximum 
load of 1 kg. In each representative zone, a minimum of 6 indents in 
each region of interest is made to get some statistical reliability. 

2.4. NaMo simulation 

NaMo is a nanoscale material model for Al-Mg-Si series alloys with 
three interacting sub-models, i.e., a precipitation model, a yield strength 
model, and a work-hardening model, which enables accurate simulation 
of mechanical properties of the alloys that have undergone different 
thermal-mechanical histories [29–31]. The input to NaMo is the chem
ical composition and the given thermo-mechanical loading history of the 
alloy after the extrusion process, and the output is the stress-strain 
curves. NaMo models have been carefully verified by extensive experi
mental data [29–31]. In this study, the NaMo-Version 3 is employed to 
simulate the stress-strain curves of AAA6060 under different processing 
routes. The average chemical composition given in Table 1 is used as 
input of the alloy. Four representative thermo-mechanical loading his
tories are determined in the following based on the integrated process
ing routes described in Section 2.1.  

• Case #1: AA6060-T4 → SHT, 550 ℃, 1 h → water quenching → NA, 
0 h  

• Case #2: AA6060-T4 → SHT, 550 ℃, 1 h → water quenching → NA, 
180 d  

• Case #3: AA6060-T4 → SHT, 550 ℃, 1 h → water quenching → NA, 
0 h → deformation, ε = 10 % → NA, 180 d  

• Case #4: AA6060-T4 → SHT, 550 ℃, 1 h → water quenching → NA, 
0 h → deformation, ε = 10 % → AA, 170 ℃, 24 h 

In these thermo-mechanical routes, the case strain induced by cold 
deformation is defined as 10 %, which is also about half of the maximum 
major strain during tube bending under the tooling setup given in Sec
tion 2.1. Fig. 6(b) shows the stress-strain curves of the AA6060 alloy 
obtained by NaMo simulation. The final states of Case #1 and Case #2 
can be considered as W-temper and T4-temper, respectively. The yield 

Fig. 3. RDB process: (a) bending principle; (b) machine and tooling system.  

Fig. 4. Measurement of geometrical dimension: (a) springback angle; (b) CMM 
for springback measurement; (c) cross-section of bent tube; (d) wall thinning- 
thickening and ovalization. 

Fig. 5. Schematics illustrating characterization of mechanical properties: (a) 
sample preparation; (b) testing zones for indentation in the middle section of 
the bent tube. 
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strengths in Case #1 and Case #2 are 75 MPa and 104 MPa respectively, 
meaning that the SHT treatment can reduce the yield strength of 
AA6060 alloy by about 28 % as compared to T4 material. In Case #3, the 
material is cold-deformed and then naturally aged to T4. Comparing the 
curves in Case #2 and Case #3, it can be found that the pre-deformation 
could significantly increase the yield strength but decrease the work- 
hardening effect. In Case #4, the W-temper material is deformed first 
and followed by the AA treatment. The curve for Case #4 shows that the 
post AA can dramatically increase the yield strength by about 150 % as 
compared to T4 material. As NaMo has been carefully calibrated by 
extensive previous experiments for Al-Mg-Si alloys, including AA6060, 
the overall characteristics of the curves predicted by NaMo are assumed 
to be accurate. These simulated stress-strain curves will provide a 
reference to help analyze the impact of the thermo-mechanical routes on 
quality characteristics well as to understand their underlying 
mechanisms. 

3. Results and discussion 

3.1. Evaluation of springback 

Fig. 7 shows the bent tubular parts fabricated by different processing 
routes, i.e., (a) R1, (b) R2, and (c) R3 and R4. It is noted that none of the 
formed parts showed any occurrence of defects such as wrinkling or 
cracks. As the diameter-to-thickness ratio (D/t = 9.4) is relatively low 
and the bending radius (R/D = 2.5) is relatively high, thus, the forma
tion of such defects is less likely to occur. To study the influence of 
different forming processes on springback, the bend angles of formed 
parts are evaluated in the following. 

According to the schematics of angular angles during unloading, 
shown in Fig. 4(a), the springback angle (Δθ) is defined as follows: 

Δθ = θ
′

− θ (1)  

where θ′ denotes the final angle measured after springback, and θ de
notes the bend angle preset in the bending machine. 

As described in the above section, the SHT tubes without aging 
treatment (in short described as W-temper) are used in the bending 

Fig. 6. NaMo simulation for AA6060 alloy: (a) schematic outline of NaMo model vers [30]; (b) stress-strain curves under different thermo-mechanical histories.  

Fig. 7. Experimentally bent tubular parts: (a) R1; (b) R2; (c) R3 and R4.  
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operation in R1 and R3, while the samples naturally aged to T4-temper 
are used in the bending operation in R2 and R4. Thus, the springback 
angles of the tubes bent in W-temper in R1 and samples bent in T4- 
temper in R4 are compared in Fig. 8. For both temper conditions, the 
springback angle increases significantly with increasing the bend angle. 
When the bend angle increases from 30 to 150 degree, the increased 
springback of T4-temper tubes and W-temper tubes is 2.22 degree and 
1.55 degree, respectively. The fact that the increase of springback of W- 
temper tubes is significantly less than that of the T4-temper ones in
dicates that the springback with bend angle is to some extent propor
tional to the nominal springback for a given bend angle. Comparing the 
springback for the same bend angle, it can be found that the T4-temper 
samples give a much higher springback angle than the W-temper ones. 
For bending at 30 degree, the springback of T4-temper tubes is about 75 
% higher than that of W-temper tubes. Even though the relative differ
ence trends to be lower with increased bend angle, the springback of the 
T4-temper tube is still about 45 % higher than that of the W-temper 
tubes for bending at an angle of 150 degree. Overall, the W-temper tubes 
can reduce springback by more than 50 % as compared to the T4-temper 
tubes. Here it should be noted that the latter represents the most com
mon production strategy in today’s manufacturing industry. 

Such a large difference in springback is caused by the lower yield 
stress characteristic for solution-heat-treated AA6060 tubes. The yield 
strength-to-Young’s modulus ratio is normally used as an index to 
roughly indicate the relative springback magnitude. Young’s modulus is 
obviously insensitive to temper condition. However, as shown in Fig. 6 
(b), the material strength undergoing natural aging is significantly 
changed, resulting in a higher strength-to-Young’s modulus ratio and 
thus higher nominal springback and, thus, variations in springback. 

The variation of springback during AA and NA treatments are 
compared. Fig. 9(a) shows the variation of springback angle measured 
after different AA cycles for tubes bent in W-temper in R1. It is observed 
that the change of springback during AA is within the error bands, 
confirming that the influence of AA on geometric dimensions of bent 
shapes is very low and the variations of the bent tubes during AA are less 
than 0.07 degree. Such a minor difference can be neglected for all 
practical purposes. Fig. 9(b) shows the angular variation of the bent 
tubes during NA in R2. It can be observed that, for the three bend angles 
of 30, 90, and 150 degree, the changes of bend angles present an overall 
decreasing trend as storage time increases. The maximum angular 
variation measured after NA is about 0.2 degree. Even though the 
variation during NA is a little higher than that during AA, it still can be 
considered negligible in most cases, particularly when seen in 

comparison with the impact of other variations such as material 
properties. 

The change of angles or curvatures of bent shapes with storage time 
is also called ‘time-dependent springback’. Despite several past studies 
on time-dependencies of springback, the underlying mechanisms are 
still not understood sufficiently [32]. It is proposed that creep relaxation 
behavior driven by residual stress of the formed parts plays an important 
role in this phenomenon [33]. As the strength of W-temper tubes is 
relatively low, the residual stress of tubes bent in W-temper is also low. 
When the bent tubes undergo aging, the accumulated precipitations 
with aging time can significantly increase the strength of bent tubes, 
making the preserved low residual stress cannot provide enough ‘driving 
force’ for creating dimensional changes in the bent shapes. Thus, a low 
level of angular variation of the tubes bent in W-temper during AA and 
NA processes is observed in this study. 

3.2. Evaluation of thickness change and cross-sectional ovalization 

Wall-thinning and ovalization of bent tubular products are to be 
defined before further evaluation of results. According to the schematic 
shown in Fig. 4(d), normalized wall-thinning (ηt) and ovalization (ηD) in 
the middle section are given in the following equations, respectively: 

ηt = Δt/t = (t′ − t)/t (3)  

ηD = ΔD/D = (D − D′

)/D (4)  

where Δt is the change of thickness during the bending process, and t and 
t’ are wall thickness before and after bending, respectively; ΔD is the 
change of outer diameter (taken perpendicular to the bending axis), and 
D and D’ are outer diameter measured before and after bending, 
respectively. 

The bent tubes with a nominal preset bend angle of 90 degree are 
used to analyze the wall-thinning of extrados and cross-sectional oval
ization. As shown in Fig. 10(a) and (b), the normalized wall-thinning 
and normalized cross-section ovalization are at a similar level for the 
parts bent in W-temper in R1 and R2. As compared with tubes bent in 
T4-temper in R3 and R4, it can be found that the ovalization of bent 
tubes obtained by R1 and R2 is about 22 % higher. However, the wall- 
thinning in R1 and R2 is about 26 % lower than that in R3 and R4. 
Welo and Paulsen [34] revealed that the main parameters controlling 
the maximum ovalization in tube bending include the following: tube 
diameter, thickness, bending radius, and work-hardening exponent of 
tubular material. Here increasing work-hardening exponent was found 
to cause more severe ovalization. As shown in Fig. 6(b) for the AA6060 
alloy, the work-hardening exponent of the W-temper (R1 and R2) is 
0.28, which is higher than the T4-temper (R3 and R4) with an exponent 
of 0.24. Thus, the ovalization of bent parts in R1 and R2 is more pro
nounced than that of R3 and R4. At the same time, as more pronounced 
ovalization occurs, the bending curvatures of fibers in the outside zone 
of the cross-section are reduced, which again reduces the longitudinal 
strain causing less wall-thinning for W-temper tubes. Overall, as 
compared with the commonly used R4 process, the R1 (and R2) pro
cesses with bending of W-temper tubes show increased ovalization but 
can give less wall-thinning of the bent tube at the same time. 

3.3. Evaluation of product strength 

The final formed bent tubular parts have undergone both cold 
deformation and aging including NA, or AA, or both. Consequently, the 
final strength of the products is determined by the combined 
deformation-induced work-hardening effect and the aging-induced 
precipitation-hardening effect. Before discussing the product strength 
under different processing routes, the contributions made by deforma
tion and precipitation to the final strength of AA6060 alloy is briefly 
illustrated in Eq. (5), as given in the following: Fig. 8. Springback comparison of T4-temper and W-temper tubes.  
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σ = σ0 + Δσss + Δσd + Δσp (5)  

where σis the final yield strength (0.2 % offset proof stress), σ0 is the so- 
called friction stress in aluminium and is normally considered as a 
constant value, Δσss is the solid solution strength addition, Δσd is the 
deformation strength addition, and Δσp is the precipitation strength 
addition. 

By re-organizing the stress-strain curves illustrated in Fig. 6, the 
different contributions to the final yield strength for AA6060 alloy under 
different thermo-mechanical histories can be obtained, as shown in 
Fig. 11. In this study, for any thermo-mechanical history applied, the 
reference base point is SHT. Thus, the solid solution strength addition 
Δσss is constant. For the deformation strength addition Δσd and precip
itation strength additionΔσp, these contributions depend on the loading 
sequence and aging treatment methods applied. As illustrated in Fig. 11, 
taking the R1 route as an example, the schematic view of the material 
hardening path is from O to A, and further to D. In the following, the 
theory briefly reviewed herein will be used as a reference in analyzing 
the impact of processing routes on the product strength. 

Here hardness distribution is used to evaluate the strength of the 
formed tubular parts. As described in Section 2.3, the longitudinal 
hardness distributions along the hoop direction of the cross-section of 
the bent tubes are examined. The hardness distributions of the bent parts 
formed by different processing routes are illustrated in Fig. 12. 

Firstly, the average hardness of the five representative zones (φ = 0, 

45, 90, 135, 180) is analyzed to evaluate the overall strength of the 
formed parts. It is well known that AA can significantly accelerate the 
formation of precipitation, and the mechanical properties obtained by 
AA treatment is much higher than that obtained by NA treatment. Thus, 
the overall strength of the artificially-aged bent parts is significantly 
higher than that of the naturally-aged ones, as shown in Fig. 12. Given 
this fact, the four processing routes are classified into two groups in the 
following context to analyze the product hardness; i.e., naturally-aged 
tubes including R2 and R4 (final formed tubes in T4 condition), and 
artificially-aged ones including R1 and R3 (final formed tubes in T6 
condition). 

For the artificially-aged group (R1 and R3), the average hardness of 
the bent shapes formed by R1 is 74 (HV), which is about 10 % lower than 
that obtained by route R3. According to the material strength contri
bution shown in Fig. 11, the strength difference of the bent tubes in R1 
and R3 is that the latter has undergone a pre-NA treatment prior to the 
bending operation. The effect of pre-NA treatment on in achieving a 
higher strength of the Al-Mg-Si series alloys with lower Mg and Si 
content, for instance, AA6060 alloy and AA6063 alloy, is also confirmed 
by Martinsen et al. [35]. The reason behind this phenomenon lies in the 
fact that the kinetics of precipitation during AA depends on the quantity 
and the type of Mg/Si clusters [36]. In R3 route, some Mg/Si clusters 
created during the previous NA process can serve as nuclei for the pre
cipitation of particles during subsequent AA process. As a result, the 
total precipitation strength addition in R3 is higher than that in R1. It 

Fig. 9. Angular variation during post aging: (a) artificial aging; (b) natural aging.  

Fig. 10. Ovalization and wall-thinning of bent tubes: (a) ovalization of cross-section; (b) wall-thinning of extrados.  
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should be noted that a well-known transient negative NA effect normally 
occurs under the ‘NA + AA’ treatment when the Al-Mg-Si alloys are 
undergoing NA for less than about 10 h. Martinsen et al. [35] compar
atively studied the transient negative NA effect in Al-Mg-Si alloys with 
high, medium, and low solute content, and revealed that both transition 
period and the strength decrease induced by the negative NA effect are 
more pronounced for the alloys with a higher solute content. For the 
low-solute content AA6060 alloy, the strength decrease is quite minor 
and the transition length is very short, which provides the possibility to 
make the overall mechanical properties of parts formed by R3 higher 
than that those formed by R1. However, as the pre-deformation is 
introduced before AA, resulting in a complex triple-effect of 
pre-deformation, NA, and AA on material strength, which is not 
considered in that study. Therefore, when it comes to the design of 
thermal processing route for customized high-strength products, the 
complex effect of NA, AA, and deformation on strength of the given 
alloys should be identified, and the parameters used for NA and AA need 
to carefully chosen to reduce the strength loss caused by the negative 

effect of NA. 
For the naturally-aged group (R2 and R4), the average hardness of 

the tubes formed by R2 is about 53 (HV), which is about 20 % lower than 
that of the parts formed by R4. As introduced in Section 2, R2 represents 
the SHT tubes are bent first and followed by NA, while R4 the NA is prior 
to bending operation, that is, pre-deformation before NA can reduce the 
material strength with relative to pre-NA before deformation. As shown 
in Fig. 11, the hardening path of R2 follows O→A→B and the hardening 
path of R4 follows O→O’→B. It is known that the strength of Al-Mg-Si 
alloys can be significantly increased during NA due to the formation 
of a high number density of GP zones. When the AA6060 alloys have 
undergone both plastic deformation and NA, both increased dislocation 
density and precipitation can contribute to improved strength. Kolar 
et al. [37] studied the coupled effect of pre-deformation and NA on 
AA6060 alloy and revealed that the increase in yield stress due to NA is 
decreased when the pre-deformation is increased from 0 to 10 %, which 
also agrees with the results of the present work. When the deformation 
occurs before NA, the main contribution to the increased strength is 
made by the increased dislocation density due to pre-deformation and to 
lower extent by the formation of GP zones. Such a phenomenon is 
attributed to, that is, the precipitates formed in the pre-deformed ma
terial may be fewer and coarser due to accelerated preferential nucle
ation on dislocations, thus making the hardness obtained by R4 is higher 
than that obtained by R2. 

Moreover, the hardness distribution along the hoop direction in the 
cross-section of bent tubes is analyzed. It can be found from Fig. 12 that 
there seems to be no substantial difference between the five represen
tative zones (φ = 0, 45, 90, 135, 180) for the bent tubes formed by R1 
and R3 processes, showing a uniform distribution along the hoop di
rection of the cross-section. This indicates the limited influence of 
bending-induced deformation on mechanical properties after artificial 
aging. However, for the naturally-aged group (R2 and R4), the hardness 
distribution of bent shapes presents a clear trend; the hardness is lower 
around φ = 90 degree (near neutral layer upon bending), and higher at 
φ = 0 degree (extrados) and φ = 180 degree (intrados), which is 
different from the results obtained for the artificially-aged specimens. 
The difference in hardness distribution around the perimeter of the 
cross-section for the artificially-aged and the naturally-aged groups is 
attributed to the significantly improved contribution made by AA to 
material strengthening. For the AA6060 alloy undergoing coupled NA 
and deformation, the work-hardening still dominates the strengthening 
of material so that a non-uniform hardness distribution is obtained in R2 
and R4. For the material that underwent coupled pre-deformation and 
AA, however, the contribution of precipitation hardening becomes much 
more significant due to the formation of a high number density of post- 

Fig. 11. Analysis of strength additions in AA6060 under different thermo- 
mechanical histories. 

Fig. 12. Hardness (HV) of bent tubes formed by different processing routes.  
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β’’ precipitates in the pre-deformed condition as reported by Teichmann 
et al. [38], resulting in a uniform distribution of hardness in the 
cross-section of tubes formed by R1 and R3. 

3.4. Application prospects and proposals of the integrated tube bending 
process 

Based on the analysis in Section 3.1~3.3, the processing route R1 
both minimizes the springback and provides higher mechanical 
strength, as well as creates a more uniform strength distribution. How
ever, R1 also comes with a drawback; that is, the cross-sectional ovali
zation level is higher than that for the commonly used forming strategies 
utilizing as-received T4-temper materials in bending. However, the 
ovalization problem could be addressed or suppressed by an optimized 
design of tooling and process parameters. Normally, for the 
manufacturing of bent tubular parts with strict dimensional re
quirements for ovalization, mandrel tools can be used in many bending 
processes to control this ovalization problem [11,17,39,40]. For the 
bending of micro-tubes, a micro-wire type of mandrel could also be 
applied [41]. In addition to the tooling design, the additional axial 
push-assistant force can be applied in the rotary draw bending process to 
help suppress ovalization [39]. Overall, from the perspective of product 
design by addressing ‘dimensional accuracy-driven’ and ‘product prop
erty-driven’ requirements, the R1-type integrated forming processes 
(bending in W-temper and followed by AA) can provide more potential 
to achieve this goal. 

Another advantage of R1-type integrated forming processes is that 
the alloys in W-temper normally can significantly improve the cold 
ductility [42], which increases the bendability and thus improves the 
possibility to manufacture tight-radius bends. Such tight-radius bent 
parts, however, is very difficult to fabricate in T4 or T6 conditions. 
Furthermore, from the view of lean production, R1-type processes with 
using post AA treatment can shorten the entire production cycle, 
reducing the ‘waiting time’—one of the seven wastes in lean 
manufacturing [43]. 

The integrated forming process proposed herein can be used for 
manufacturing bent tubular parts with different tube geometry, 
including thick-walled, thin-walled, and various section tubes, etc. Even 
though only a specific tube geometry is tested in this study, the 
knowledge gained is applicable for the design and development of the 
bending process for a wide range of tube geometries. When the inte
grated forming process is used to bend a tube with a specific geometry, 
some necessary modifications are needed with regard to the tooling 
design in bending operation and parameter optimization in thermal 
treatments. For example, mandrel and wiper tools are normally used in 
bending of thin-walled or ultra-thin-walled tubes to avoid the wrinkling 
defect and over-ovalization. For the thermal treatments, the thermal- 
related parameters need to be identified to assure the mechanical 
properties of the formed products as well as to meet requirements for 
production efficiency, process capability, and cost, etc. In this regard, 
the alloy compositions, the size of parts, etc., should be taken into 
account. 

It should be noted that the practical issues concerning the design and 
development of products and processes are more complex than 
described above. In industrial practice, however, more factors need to be 
carefully considered and comprehensively assessed in the selection of 
alternative production processes, as well as in the design of the optimal 
processing routes for a formed component. Examples of such contextual, 
practical factors are (degree of) vertical integration, supply chain and 
logistics, supplier base, inhouse manufacturing (bending) capability, in- 
house heat-treatment capability, product costs, product volume, 
equipment investments (e.g. ovens for heat treatment), etc. 

4. Conclusions and outlook 

Achieving the desired dimensional accuracy and mechanical 

properties is one of the most significant aspects in metal forming. In this 
research, we aim to provide new insights into the impact of thermo- 
mechanical processing routes on product quality in the integrated 
bending process for aluminium tubes. For this purpose, a series of 
carefully-controlled experiments with different processing routes, inte
grating solution-heat-treatment (SHT), artificial aging (AA), natural 
aging (NA), and cold bending, are designed. The main conclusions are 
summarized as follows: 

• As compared with the conventional production strategy of employ
ing T4-temper tubes in the bending operation, solutionzing imme
diately before bending can minimize the springback by more than 50 
% and reduce the wall-thinning by about 26 %. However, this comes 
at the expense of increased cross-sectional ovalization by about 22 % 
for SHT.  

• The tubes naturally aged before bending and artificially aged after 
bending can improve the hardness by 16 % averaged over the sam
ples bent in W-temper and subsequently artificially aged. For product 
strength without AA, the hardness of samples naturally aged to T4 
before bending is 20 % higher than the samples stored and naturally 
aged to T4 after bending.  

• When using AA, this creates a uniform distribution of hardness in the 
cross-section of bent tubes, almost independent of the non- 
homogeneous pre-deformation imposed by bending. When supply
ing parts in T4-temper using AA, there is a non-homogenous distri
bution of hardness, however, highly dependent on local pre- 
deformation of the material.  

• From the perspective of product design in terms of both geometrical 
and mechanical requirements—the overall motivation for this 
study—SHT immediately before bending in combination with sub
sequent AA after bending provides more flexibility and potential for 
improving shape accuracy, setting customized properties, and mak
ing tight-radius parts. This flexibility comes at a higher investment 
and operational cost, though, due to the SHT step in the process. 

The integrated processing strategy proposed herein can be used for 
manufacturing bent tubular parts with different tube geometry 
including thick-walled, thin-walled, and various section ones. It is 
believed that the knowledge created in this study makes a contribution 
to the selection and design of more suitable, efficient processing routes 
for aluminium tube bending beyond the cases tested herein. 

However, the present work is mainly limited in scope to the impact of 
processing routes on product quality. The robust design of products and 
processes call for a more comprehensive study on the particular influ
ential parameters related to these routes. One important topic in this 
connection is optimizing the AA temperature for reducing the produc
tion time for providing consistent product quality in terms of dimen
sional accuracy and mechanical properties. 
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[25] Bourget JP, Fafard M, Shakeri HR, Côté T. Optimization of heat treatment in cold- 
drawn 6063 aluminium tubes. J Mater Process Technol 2009;209:5035–41. 
https://doi.org/10.1016/j.jmatprotec.2009.01.027. 
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