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Load path optimization in tube hydroforming

S. Mojarad, H. Champliaud, J. Gholipour, J. Savoie, and P. Wanjara

Abstract. The goal of this work was to identify the optimum combination of the main process parameters, i.e., the internal

pressure and end feeding (load path), for tube hydroforming to minimize the thickness reduction, while satisfying the

failure constraint defined by the forming limit diagram of the material. To perform process design optimization with

minimum experimentation, the LS-OPT software was utilized in combination with a finite element model (FEM) that

simulated a round to square tube hydroforming (THF) process for stainless steel 321 in LS-DYNA. The load path obtained

through the optimization procedure was applied to the THF process and the tube expansion and the thickness results

obtained from the FEM were compared with the experimental results in the critical regions of the hydroformed tube.

Résumé. L’objectif de cette étude était de déterminer la combinaison optimale des principaux paramètres du procédé, c’est-à-

dire la pression interne et la compression axiale (chemin de chargement) pour l’hydroformage des tubes afin de minimiser la

réduction de l’épaisseur, tout en satisfaisant la contrainte de rupture définie par le Courbes limite de formage de la

matière. Pour effectuer l’optimisation de la conception du procédé avec un minimum d’expérimentation, le logiciel LS-OPTa

été utilisé en combinaison avec un modèle par éléments finis (MEF) qui a simulé le procédé d’hydroformage de tubes

(HFT) de forme ronde à carrée appliqué à l’acier inoxydable 321 à partir du logiciel LS-DYNA. Le chemin de chargement

obtenu par la procédure d’optimisation a été appliqué au procédé HFT et l’expansion de tube et les résultats d’épaisseur

obtenus à partir du MEF ont été comparés avec les résultats expérimentaux dans les zones critiques du tube hydroformé.

[Traduit par la Rédaction]

Introduction

Many parameters are involved in the tube hydroforming

(THF) process, such as the formability of the material, load

path (combination of end feeding and internal pressure),

tool geometry, and friction. Through a good understanding

of these parameters, the process can be designed and

controlled to improve the quality, performance, and relia-

bility of the final product. Among the different process

parameters, load path is the most important in THF.

Traditionally, determination of the load path in THF has

relied on a trial and error procedure (Fann and Hsiao, 2003),

which was time consuming, and yet remained nonsystematic

and did not assure an optimum load path. The effectiveness

of trial and error experimentation decreased, especially

when designing the manufacturing process with new materi-

als and (or) die geometries, for which no prior knowledge

was available. For this reason, more recently, finite element

analysis (FEA) is more widely used as a powerful tool for

analyzing the effects of different process parameters on THF

of complex geometries (Gholipour et al., 2004). Hama et al.

(2006) developed a finite element model (FEM) to simulate

the effects of three different load paths, namely pressure

advanced, linear, and feed advanced, for THF of a part with

a rectangular cross section. The results showed that the

pressure-advanced load path, in which the internal pressure

increases to a threshold value prior to starting the axial

end feeding, leads to a higher formability as the initial

internal pressure prevents local wrinkling in the early stages

of the process. In contrast, for an X-shape geometry, Ray

and MacDonald (2005) recommended using a feed-

advanced load path, as the pressure-advanced load path

could cause premature bursting during THF due to excessive

wall thinning at the critical regions. Clearly, there may be

numerous possible load paths for THF of a given geometry;

however, finding the optimum load path remains a predomi-

nant challenge for manufacturing that can be addressed

cost efficiently and effectively through an optimization

tool.

There are two main approaches for optimizing load path

in the THF process, namely, the adaptive simulation method

and optimization procedures (Jansson et al., 2007). In the

adaptive method, the finite element simulation is continu-

ously monitored for defects such as wrinkling or excessive

thinning, and the input values for the parameters are

adjusted accordingly in the subsequent iteration until a

solution is attained. This procedure has been used by many

researchers to optimize the load path in THF (Aydemir et

al., 2005; Johnson et al., 2004; Labergere and Gelin, 2004;

Ray and Mac Donald, 2004; Mataei et al., 2011) as it has the

advantage of providing the optimum process parameters

through simulating a single FEM. Alternatively, for the
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other approach, i.e., optimization procedures, the optimum

solution is attained by repeating multiple simulations of the

FEM through iterations within the defined constraints of

the process. In general, the optimization procedures are

divided into three sub-groups including iterative algorithms,

genetic algorithms, and approximate optimization algo-

rithms (Meinders et al., 2008). The iterative optimization

algorithms, for instance the conjugate gradient method,

converge to an optimum solution based on minimizing an

objective function through repeated simulations of the

FEM. Though these well-known algorithms are widely

applied to optimize the THF process parameters (Endelt

and Nielsen, 2001; Fann and Hsiao, 2003; Jirathearanat and

Altan, 2004; Sillekens and Werkhoven, 2001; Yang et al.,

2001), their main disadvantage is a tendency to become

trapped in finding local minima instead of global solutions.

To overcome this disadvantage, genetic algorithms, which

are optimizing methods that mimic the process of natural

evolution, have been used to find the global optimum

solution. Specifically, in the genetic algorithm, the values

of the process parameters that lead to the optimum result

are selected as inputs for the next iteration of the FEM

simulation. For instance, Abedrabbo et al. (2011) utilized

this method with LS-DYNA to optimize the load path in a

THF process. However, a main drawback of such genetic

algorithms is the large number of required simulations, and

thus the relatively long processing time needed to obtain a

global solution. As such, optimization algorithms, of which

a well-known method is the response surface methodology

(RSM), have been considered over evolutionary algorithms

for metal forming processes (Alaswad et al., 2010; Koç et al.,

2000) to find the global optimum solution due to their

shorter processing times. In particular, in the RSM, a set of

input values for the process parameters are selected and,

through simulations of the FEM, the response of each set is

calculated. Then a low order polynomial is used to fit the

response points, and the best combination of input values

for the parameters is extracted for the next iteration. By

repeating this process, the optimized combination can be

obtained. To this end, in the current work, the optimum

load path for a round to square THF process was studied

using a RSM optimization algorithm within LS-OPT in

conjunction with LS-DYNA 971 R7. Specifically, the THF

process was optimized for stainless steel 321 (SS321) with

two different tube thicknesses, initially 0.9 mm and 1.2 mm.

For each tube thickness, a FEM was developed for the

process, and the optimum load path, determined through

the simulations, was validated through experimentation.

Finite element model

ANSYS 14.5 software was used to generate the mesh

required for the FEM of a round-to-square THF process.

Figure 1 shows the model, which consisted of the tube and

the rigid die. Due to symmetry in the tube and die, the

model was simplified by simulating only one-eighth of

the geometry. Symmetry boundary constraints were applied

to the nodes on the symmetry planes. A total of 17 599

four-node shell elements were used for meshing the tube

with Belytschko�Tsay shell element formulation (LS-Dyna

Keyword User’s Manual, 2013). To capture the strain

Figure 1. FEM of the round-to-square die.
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distribution through the thickness, five integration points

through the thickness of the tube were considered. As no

lubricant was applied to the tubes, a surface to surface

contact with a Coulomb coefficient of friction (COF) of

0.2 was used for the contact condition between the tube and

the die (Farimani et al., 2013). To simulate end feeding during

the process, displacement was assigned to the nodes at the

tube end. The Swift work hardening law (Equation (1)) was

used to model the material behavior of both tube thicknesses.

r ¼ K e0 þ eð Þ
n

(1)

where s is the true stress, o is the true strain, o0 is the initial

true strain, K is the strength coefficient, and n is the strain

hardening exponent. The material properties of the 0.9 mm

and 1.2 mm thick SS321 tubes were extracted from the free

expansion tests. Saboori et al. (2014) developed a semi-

analytical online approach that utilizes a 3-D automated

deformation measurement system (Aramis†) to measure the

coordinates of the bulge profile, the maximum bulge height,

and the associated tube thickness to extract the effective

stresses and effective strains at different stages of the free

expansion process. In this way, bi-axial stress�strain curves

for tubular materials can be generated for THF applications.

The material parameters for the hardening law were then

obtained through a curve fitting procedure based on the

least square method. Table 1 summarizes the material

properties used for the tube and the die in the present study.

Optimization

The commercial optimization software, LS_OPT v 4.2,

was used to find the optimum load path for the round-to-

square THF process. As the objective of the optimization

was to minimize the thickness variation in the expansion

zone of the hydroformed tubes, the following objective

function was defined:

Obj¼
MT�NT

NT

� �2

(2)

where MT is the minimum tube thickness after hydroform-

ing and NT is the nominal tube thickness before hydro-

forming. Due to the variation in thickness along the

circumferential direction of the initial tube blanks, the

average thickness from the measured values was considered

in the FEM; the average thickness for the two tube materials

considered in this study was 0.94 mm and 1.22 mm. To

prevent failure, the forming limit diagram (FLD) for SS321

with a nominal thickness of 0.94 mm and 1.22 mm was

calculated based on Hwang’s theoretical work (Hwang et al.,

2009), in which the FLD was constructed based on free

expansion testing, Swift’s diffused necking criterion, and

Hill’s localized necking criterion. Hill’s nonquadratic yield

function was utilized to derive the critical principal strains at

the onset of plastic instability. As such, if the in-plain

principal strains in any element of the tube exceed the

forming limit curve (FLC), then the applied set of input

values would be identified as a failure by the optimization

algorithm. Figure 2 shows the FLCs used for each tube

thickness.

Free-end hydroforming, in which no end feeding is

applied but the tube ends can move freely during the

process, was simulated to find the minimum end feeding

that occurs during THF. That is, by increasing the internal

pressure, as the tube expands, the material is pulled into the

die cavity from both ends of the tube. Figure 3 illustrates

the load path in the free-end hydroforming process for the

0.9 mm and 1.2 mm thick tubes obtained from the FEM.

This curve can be used to identify the minimum input values

for optimization, which was performed in this work using a

single stroke load path approach. It is noteworthy that an

end feed value higher than the free-end condition is needed

to maintain the seal during the process. Hence, the minimal

values (lower band) for the internal pressure and end feeding

were selected as 20 MPa and 1.2 mm, respectively. The upper

band for the internal pressure was considered to be 100MPa,

which was sufficient for the full expansion of the tube in

the THF process. By performing a few simulations of the

FEMs, the upper band of end feeding was selected as 20 mm

to avoid wrinkling in the tube.

The LS-OPT software required setting of the optimization

strategy, sampling method, and algorithm, which were

selected as listed in Table 2. Specifically, based on the

work by An (2010), the strategy was set to be sequential with

the domain reduction (SRSM method), which was used by

the software for selecting the sampling points in the

experimental design. The sampling parameters (i.e., meta-

model, order, point-selection, and number of simulation

Table 1. Material properties of the tube (SS321) and the die (Saboori et al., 2014).

Material SS321 (0.9 mm) SS321 (1.2 mm) Die (rigid)

Density (g/mm3) 8.0E�03 8.0E�03 7.7 E�03

Elastic modulus (MPa) 193.00E�03 193.00E�03 2.08E�06

Poisson ratio 0.29 0.29 0.31

Yielding stress (MPa) 250 260 *

K (MPa) 1427.45 1397.81 *

n 0.53 0.63 *

o0 0.03 0.05 *
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points) related to this strategy were then selected as given

Table 2. In particular, 10 sampling points for the internal

pressure and end feed were selected for each iteration based

on Doptimal design (LS-OPT user manual). After the

simulation results (responses) for the first iteration, a

quadratic polynomial surface (response surface) is passed

through the responses. Then a hybrid genetic algorithm

(GA) was utilized to find the optimum sampling point of the

response surface for the first iteration, and up to 10

iterations were performed to obtain the optimum load

path. It is noteworthy that the hybrid GA algorithm starts

with the GA to estimate the global optimum solution. Then

a gradient-based algorithm is applied to sharpen the

solution. With this hybrid method, the computational time

was heavily reduced compared with the typical GA method.

Experiments

To verify the FEM results, the THF experiments were

conducted at the National Research Council of Canada

(NRC) using a fully equipped hydroforming press (Figure 4)

that was equipped with a round-to-square die set. The die

was fabricated from a hardened tool steel and had a square

cross section, as illustrated in Figure 5. To monitor the

expansion of the tubes during the THF process, two laser

measurement systems were used in conjunction with two

expansion measurement devices on each side of the die. As

shown in Figure 5a, the distance between the laser measure-

ment system and the expansion measurement device was L0

at the beginning of the THF process. With the progression

of the THF process, the expansion of the tube pushed the

pins outward and the distance of the pins (Ln) were recorded

sequentially by the laser measurement systems (Figure 5b).

Hence, the difference between Ln and L0 is the expansion of

the tube at each time increment. It should be noted that the

averages of the expansion values obtained from each side

(i.e., front and back) are reported in this study.

The THF experiments were conducted on the 0.9 mm and

1.2 mm thick SS321 tubes that had an outer diameter of

50.8 mm and were 220 mm in length. For each tube thickness,

the optimum load path, obtained from the optimization

process described above, was utilized to hydroform the tubes.

Figure 6 shows the tubes before and after the THF process.

For each tube, the thickness at the mid-length cross section

after hydroforming was measured using a 38DL Plus Olympus

ultrasonic thickness gage device, which is a nondestructive

technique. Also, some verification of the thickness evolution

was performed in this work through sectioning of the tubes at

the mid-length cross section (Figure 6c) and manual measure-

ment using a calibrated micrometer.

Using the optimization software and the settings defined

in Table 2, 100 simulations (10 iterations of 10 runs) for

the 0.9 mm thick tube and 60 simulations (6 iterations

of 10 runs) for the 1.2 mm thick tube were required to

find their respective optimum load paths, as illustrated in

Figure 7. For comparison purposes, the free-end load path

for each tube thickness is also given in Figure 7.
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Figure 2. FLD used for the SS321 tubes.
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Figure 3. Free-end hydroforming load path from FEA for 0.9 mm

and 1.2 mm thick SS321 tubes.

Table 2. Optimization settings in LS-OPT.

Strategy Sampling parameters Algorithms

Sequential

with domain

reduction

(SRSM)

(1) Metamodel: polynomial

(2) Order: quadratic

(3) Point-selection:

Doptimal

(4) Number of simulation

points: 10

Hybrid GA

population size:

100

Number of

generations: 250
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Thickness distribution

For each tube thickness, the evolution of the thickness at

the mid-length obtained from the simulations was compared

with the measured values from the THF experimental results

(Figure 8). From this figure, it can be observed that

maximum thinning occurs close to the corner of the square

cross section at the end of the contact region between the

tube and the die. Here, the tube is subjected to a tensile

stress in the circumferential direction, as it cannot slide

further along the die due to the high friction forces in this

region. From Figure 8, it can also be seen that the thinning

pattern is similar for both tube thicknesses. These findings

suggest that the optimum load path results in a more

uniform thickness distribution as the respective optimum

Figure 4. Hydroforming press at NRC.

Figure 5. Expansion measurement unit at (a) initial stage and (b) final stage.
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curve shows smaller ‘‘peaks’’ at the end of the contact

region. This is mainly due to the fact that the end feeding

pushes more material into the deformation zone, which

renders a more uniform thickness distribution. As revealed

in Figure 8, the simulations results allow prediction of the

tube thickness distribution in the 0.9 mm and 1.2 mm thick

SS321 tubes with good accuracy (less than 4%).

Table 3 summarises the applied load path and the

minimum thickness measured for both tube thicknesses.

For the optimum load path, the minimum thickness

obtained for each tube thickness was closer to the original

thickness values (i.e., 0.9 mm and 1.2 mm). Specifically, as

compared with the free-end load path, the thickness at the

mid-length was higher for the optimum load path by 28%

and 20% for the 0.9 mm and 1.2 mm thick SS321 tubes,

respectively. This confirms the validity of the optimization

process for determining the optimum load path for THF

with the objective of increasing the uniformity in the tube

thickness.

Tube expansion

Figure 9 illustrates the tube expansion as a function of the

internal pressure for both tube thicknesses. For THF of

SS321, tube expansion with the optimum load path was

greater than the free-end load path up to an internal

pressure of 50 MPa, which indicates that an increased end

feed resulted in a higher tube expansion at the beginning of

the process. At 50 MPa, end feeding during TFH was

stopped and tube expansion continued with increasing

internal pressure. Although the final tube expansion values

in Figure 9 are comparable between the free-end and

optimum load paths, the higher end feeding with the latter

resulted in a lower thickness reduction, as described above.

Specifically, the increased thickness of both tubes with the

optimum load path increases the resistance to plastic

deformation at the corners, which explains the reduced

expansion after 50 MPa. For instance, the maximum tube

expansions obtained from the simulation and experiments

using the optimum load path are equal to 8.34 mm and

8.7 mm for the 0.9 mm thick tubes and 8.09 mm and 8.48 mm

for the 1.2 mm thick tubes, respectively. This indicates an

error of less than 5% between the FEA and experimental

results for both SS321 tubes. In addition, as revealed in

Figure 6. (a) Initial tube, (b) hydroformed tube, and (c) mid-length

cross section of the tube.
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Table 3. Load paths applied to the 0.9 mm and 1.2 mm thick SS321

tubes.

Optimized

pressure

(MPa)

End feed

(mm)

Minimum

thickness

(mm)

Free-end (0.9 mm) * 1.2 0.56

Optimum (0.9 mm) 32.2 17.0 0.72

Free-end (1.2 mm) * 1.2 0.80

Optimum (1.2 mm) 41.0 14.2 0.96
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Figure 9, the simulation results for both tube thicknesses

predict the same trend and are in good agreement with the

experimental results from THF.

Conclusion

For a round-to-square tube hydroforming (THF) process,

an optimized load path was obtained through an optimiza-

tion procedure embedded in commercially available soft-

ware. Using the optimum load path for THF of SS321 led to

greater uniformity in the tube thickness distribution.

Compared with the free-end load paths, the optimum load

paths increased the minimum tube thickness by 28% and

20% for 0.9 mm and 1.2 mm thick tubes, respectively, and

maximum thinning occurred at the end of the contact region

of the tube and the die. Also, tube expansion with the

optimum load path was higher than the free-end load path

up to an internal pressure of 50 MPa, at which point end

feeding was stopped. The maximum error between the

simulation results and the experimental data for the tube

expansion using the optimum load path was less than 5% for

both tube thicknesses. It is noteworthy that the predicted

results could have shown a better match with the experi-

mental data if a higher order element and the effect of

anisotropy and springback were considered in the FEM

simulation. These will be considered in our future work on

THF.
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