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ABSTRACT

Ity this paper, reverse superplastic blow forming of a Ti-6Al-4V shest hes been simulated using finie
clement method in ABADUS to achieve the optimized control of thickness variations. The deformation
process, pressure versus time curve, variation of thickness strain and effect of a change in fricuon
cocfficient have been investigared. In addition, simulgtion of the same structure with nOn-reverse
forming has also been carried oul and a defailed comparison has been made between results from

different forming processes.
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1. INTRODUCTION

Quperplastic  forming (SPF) has been  widely
accepicd as an economical method to produce highly
complex, lightweight nd integral pans with a single
forming operation in modem industry, espectally in the
acrospace indusiry. Generally, superplastically formed
pirts cxpericnce @ great amount of elongation, thus
leading o potentially large thickness variations. As the
thape of @ component becomes mong complicated,
thinming will become  severe which is mnormally
undesirable. Therefore it is impertant to investigate the
thickness varigtion to improve the uniformity of
thickness distribution of the component 1].

Dunng & superplastic forming process, thinnmg of
components depends on several paramefers including
ihe shape of the die, the matcrial properties, and the
forming conditions such as pressure and (Emperatune
[2]. Reverse blow forming is widely recognized &8s an
effective technigque to obtain good thickness distribution

control in complex companents.

Geaerally a reverse forming process consists of two
operations starting from on initial sheet as shown in Fig.
I. In the first operation, gas pressure is imposed on top
af the heated sheet. After producing the performing
shepe, the forming pressure is reversed forcing (e
material 1o flow into the final ool [3].

An optimal shape of the preforming ol should be
initially designed in order o obtaim a prescribed
thrckness distcibution in the final companent.A number
of simizlations have been performed on the simple shape
of # superplastic blow forming component Ruch as a
cylindrical cup and o rectangular boo [4,5]. However,
the main concerns of those studies are o predict the
pressure  loading  cycles and the final thickness
distributions, which have led 1o a basic understanding of
the superplastic blow forming process.

Fig 1. Schematic diagram of reverse blow forming

There is litle on the available publications for a
reasonable interpretation of the gpood thickness contral
in the reverse blow forming process. This dudy has
been initisted and guided by the need 1o establish & clear
understanding of the thickness eoatesl mechanism o the
reverse forming process

Finite element analysis (FEA) offers an efficient
method to visualize and model the thinning process ina
more intuitive way in the analysis of complicated
superplasiic blow forming componenls It provides
valusble puidelines on how the parmelsrs inoa
current process should be modified o meet the
requirements of the process and componenls. Ini ths
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sy, the multi-step reverse forming of o Ti-6Al4Y
sheet wnto @ complicated component hns been carefully
simualated within  ABAQUS [6]. The deformed
processss ut different foading stages and the strain and
il sress disrmibution in the final stage have been fully
imvestigated. For the purpose of comparison, simulation
of the same structure under non-and a final forming
lowwer-die. & circubar sheet of 3 mm in thickness.and
330 mm i diameter, of which the periphery is clamped
berween the two dies, 15 subjected o gas pressure. The
samulation of reverse blow forming of the sheet studied
in, this paper cnn be simplified as a case of 2-I»
avigymmetric plain  strain  problem. Becsuse of
wymmetry, only half of the whole stracture is modeled
a5 shown in Fig. 3

Fig 2 Finite element simalation of reverse blow
forming process (a) blow forming 1o the upper-
die (b} reverse forming to the lower-die

The Ti-6A1-4Y sheet is asssumed to have an

empirical constitetive behavior of g =x€™  where,
=130, 78MPa, £ strain rate and m = 0.61305. The
conslitulive cquation 15 implemented mnto an isoiropic
creep model within ABAQUS. After a detailed element
study [R], & continuum clement is selecied revesse
forming has besn carvied out and & detailed
compazison hes been made between the reverse forming
and non-reverse  forming.  Furthermore, the  effiect
of  fochon cocfficients has been studied reverse
forming has been carried out and o detailed comparison
has besn made between the reverse forming and non-
reverse forming. Furthermore, the effect of friction
coefficients has been studied.

2. FEA OF REVERSE BLOW FORMING

Simulstion of a reverse blow forming process is
chameterized by large deformation and rmaterial non-
linearity involved. The complicated confacts betwesn
the sheet and the dies are generally presened in
the forming process, thus adding difficulty for the
simulations. The reverse forming tools simulated in
the current sudy include a pre-forming upper-die fo
achicve an accurste modeling of the blow forming
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process. In  addition, the regions  where  siess
concentralions  are significant are  construcied  with
fine meshes. To obtain an sccurate modeling of the
superpinstic deformation, an ilerative Mewton-Haphson
solution technique is employed to solve the governing
nenlinesr sguations. The imposed gas pressurs s
controlled by a special solution dependent mognited:
scheme [6] to maintain an approximately constant sirain
rate (the target value) in the simulation.

The problem of Friction aseociated with the conmcts
between the sheet and the dies is wery imporiant for
a superplastic reverse blow forming process. An
important factor in accuraic modeling of the process 15
how 1o simulate the friction effect due 1o contact, In this
paper, the two dies are treated as rigad and the contac
interactions between the dies and the shest are modeled
as rigid surfaces and a deformable surface. The penaity
Coulomb friction formulation [7] is used to model the
friction effect associmted with the contact pairs by
specifving @ friction  coefficient. A reasonable
penetration of the deformable surface imo the rigid
surfaces has been assigned o monitor the contect
interaction.

A gpeverse forming process is different  from
customary klow forming methods in tha a performing
process is necessary hefore the final shape is produced.
The whole process can be scourstely modeled using
multiple loading steps. Pressure has 1o be applicd
underneath the sheet 1o make it inflate into the upger-dee
first, As the inital epplication of the pressurc is
mssumed to ocour so quickly., & purely elastc
response is performed in the first siep. The inflation
process of the sheet into the upper-dic is then carried ot
in the second step. The third slep is w0 remove all
contact pairs of the upper-die and the sheet, and the
targer creep stain rate defined in the second step. Fanally
the reversed pressure is imposed on the 1op of the shest
ta force the sheel to flow inio the lower-die. The abave
procedures enable the FEA program to aceurately modal
the reverse farming process.

3. RESULTS AND DISCUSSION

It iz importan: that & good FEA model is capable of
predicting the rEverse forming belavior.
Typical  deformation configurations in the reverse
forming process have been predicted and shown in
Fig. 2. In particular, Fig. 2 () shows the processes of
the sheet bulged into the upper-die whilst Fig. 2 (b &
the reverse process into the fimal tool  For  the
convenience of description. pomnts & w0 i
represent  the deformation imstants to the upper-dic
whilst pointa A 1o 1 represent the corresponding
instants where the material flow into the lower-dic.

It can be clearly seen that the large deformat:on
1s concentrated around the bubble area (region ¢ 1 by in
the preforming process, resulting in a thickness profile
in which the centre and the clamped ares i thicker
than the bubble arce. Afler filling the upper-dic. the
shees flows downward geadually o the botlom AR,
region DE and the bottom comer BC respectively. The
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putside small comer FG is the last filled area.

The predicied pressure vemus Ume curves of the
sheet inflated inta the upper-cie and the lower-die mn
the reverse forming process are shown in Fig. 3, in
which both initially rige mapidily, followed by a
comparable siable region, then increasing again sharply.
It 15 easily seen that a higher pressure is noeded in the
preforming stage to the upper-die. The distribution of
equivalent Won Mises stress on  the deformed
component is illustrated in Fig. 4. It is noted that “true™
stress i used in the simulation within ABAGQUS. It can
e ¢learly observed thal the maximum stress occurs at
the small comer, which is the last formed area in the
reverse forming process.
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Fig 3} Pressusization curves in the reverse forming
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Fig & Pressurization curves in the reversc forming
process.

The thickness distribution along the component 15
essentinl to assess whether the formed component is
successful or not, To investigate the thickness vanation
in the preforming and final forming stages, the thicknes
strain i evaluated in this stedy. Figure 5 shows the
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thickness strain distribution of the sheet inflated into the
upper-die in comparizon with that into the lower-dig, 11
15 evident that in both cases the sheet is thinned, but the
degree of thinning is greater for the sheer bulged it
the lowes-die. It is moted that the greatest thinning strain
occurs around the bottom comer {region BC) The effect
of friction on the thinning of & component in the reverss
blow forming process has been stadied, in which the
friction coefficient is assumed o be uniform alung the
contact surface, varying from 0.1 to 0.5 in this paper.
The distributions of thickness strain under different
friction cocfficients are illustrated in Fug. 6. Again,
greater thinning occurs around the bottom comer of e
lower-dic for all values of the friction coefficient
siudied. The lower the friction coefficient, the more
uniform thickness distribution along the component. [t
should be noted that when the friction coefficient is
greater than 0.4, the thickness strain sharply changes
around the outside comer {region FG) as illusirated i
Fig. 6. This is mainly becauss a higher friction
coefficient fends to resist further deformaton of the
sheet on contact and thus resulis in sharp thickness
variations in the simulation and an unsuccessful formed
COMpORent in practice.
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Fig 5 Thickness strain of the sheet into the upper-die in
comparison with that of into the lower-die
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Fig 6. Effect of friction coefficient
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To further underatand the effect of reverse blow
farming, simulation of a non-reverse fonming process
for the ssme sheet has also been conducted for a
comparison with that of reverse forming. Similar
deformation configurations, as shown in Fig. 2{(b), arc
obtmined  Ffor & non-reverse  forming  process.
Farthermore, thickness strain distributions along the
final compenent for & reverse forming and non-reverse
forming process are compared in Fig. 7. For the
convenience of description, reverse blow forming is
denated bz case-1 and nop- mhlﬂwfmmngusm
If, It 15 evident from Fig. 7 that in both ceses the sheet
has thirmed, but the dagree of thinning is bess for case 1

in the bulpe area (region AB). Howewer, this trend is

different in the middle portion of the lower die (region

'; 0. Although reverse forming causes slightly larger

1F|.hsm:'rtg at region CD, it greatly improves the thinning
“alhottom region AB, which is imponant in practice,
U Dering ke imitial  bulging im0 the upper-die,
deformation s concentrated primarily in the large
hukhle srea (pegion ¢ 1o h), i.e. the thickness around the
bubble is thinning greatly thus causing more wvolume
flow into fhe sdiacent arcas {region ach. When the
material 1 reverse flowed mto the lower-die, litle
sdditionsl deformetion ocours within the bubble arca.
Imstead, plastic flow is concentrated within zone AB.
There is mare volume in this arca after an initia] balging
in case | than that in case-Tl, which results in less
fhining in the thickness of the formed component from

~ page-l than could be obtained from case-Il as clearly

demonsirated i Fig. 7.
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Fig 7. Thickness strain distribution comparison
hetwesr raverss and non-reverse forming.

. 4, CONCLUSIONS

A methodology using finits element analysis

has heen developed to investigate the superplastic

reverse forming process of a Ti-6AR4Y sheet into a
complex  component.  The deformed configurations,
pressure-time curve, thickness sirain diswibution along
the camponent and the effect of froction coefficient have
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hesn studied carefully. Tt is found that a lower friction
coefficient results in & better uniform thickness stramn
distribution  along  the component.  Comparisons
dermonstrate that reverse blow forming results in bess
thinning in the thickness of the formed component than
could be obtained from a non-reverse forming process.
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