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ABSTRACT

Titaninm alloys and Titarnium matrix composites are wseful matertals in aercspace
applications due to their high strength and stiffress, good corrosion resistance and [ow
densirty. The gas pressure bulging of metal sheets has become an imporiant forming
methed. As the bulging process progresses, significant thivning in the sheer marerial
becomes obvious., This paper presents a simple analytical procedure for obtaining the
dame height with respect to the forming time usefil 1o the process designer for the selection
af initial blank thickness as well as novw-uniform thinning in the dome after forming. By
thermally cycling through their transformation temperature range, coarse-grained,
polymorphic materials can be deformed superplastically, owing to the emergence of
transformation mismatch plasticity {or transfonmation superplasricity) as a deformation
mechanism. This mechanism is investigated under biavial stress conditions during thermal
cycling of Titanium matrix composites{viz. TISAMV/TIC and TiGAI4V/TiB). For the
transformation superplasticity, the strain rate sensitivity index is considered as unity.
The transforimarion superplasticity constant in the constiturive relarion is obtained from
the measured dome height with respect to the forming time: The radius af curvature,
thickness and height of the dome with respect fo the forming time are obtained, The
analytical resulis ave found o be reasonably in good agreement with the test resulis.
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L INTRODUCTION

Superplastic forming has become a promising processing technique in
manufacturing industry, Several models for bulge forming have been established
[1-6], By thermally cycling through their transformation temperature range, coarse-
grained, polymorphic materials can be deformed superplastically, owing to the
cmergence of transformation mismatch plasticity (or transformation
superplasticity} as a deformation mechanism. Megam Frary et al. [7] have
investigated under biaxial stress conditions during thermal cycling of unalloyed
Titanium, Ti6AI4V, and their composites Ti/TiC, Ti6A4V/TIC and TibAl4V/
TiB. During gas-pressure dome bulging experiments, the dome height was
measured as a function of time. It is noted that, the weakest material, CP-Ti
deformed most rapidly, while the TiI6 A4V based materials deformed more slowly
due to the longer thermal cycle times and higher creep resistance during a thermal
eyele, transformation superplasticity contributes to the deformation only when

2 phase transformation is occuring. At all other times, the material deforms
only under the action of external stress by a typical creep mechanism
(eg. Dislocation creep). Since these two mechanisms operate at different times
the cycle, they contribute to the total deformation independently, and it is reasonable
te add their contributions :

el R Erep =K ., 0"+ K 10p O {n

Where £ is the strain rate, @ is the flow stress, 1 i5 the stress exponent, Km, is the
transformation superplasticity constant and K. .., 15 the dislocation creep constant,
It is noted from the experimental studies on bi-axial deformation of composiie

. matérials that transformation superplasticity is the only operative deformation

- mechanism for the Ti6A14V composites and there is no contribution from cresp.
- Hence the constitutive relation for the present problem becomes

tE=K_o (2)

. For transformation superplasticity, the strain rate sensitivity index from
. ®quation(2) is found to be unity, This paper presents a simple analytical procedure

«for obtaining the dome height with respect to the forming time useful to the process
£ designer for the selection of initial blank thickness as well as non-uniform thinning

- in the dome after forming.
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2. ANALYSIS

Figure-1 shows the apparatus of biaxial doming expetiments carried out by
Megam Frary et al.[7]. Dutta and Mukherjee[2] have assumed the following
conditions in their analytical modeling of bulge forming. The material is isotropic,
The diaphragm is rigidly clamped at the periphery.
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Fig.! : Schemartic of the experimental biaxial gas-pressure apparafs

The thickness (s) of the specimen is very small compared with the die radius
{a), 0 that bending and shearing effects are negligible and membrane theory is
assumed. The coefficient K and the strain rate sensitivity index {m} in the
constitutive equation: o= K (£)™, are constants. The bulge surface shape keeps
to that of a part of a sphere (see Figure-2). There are three principal stresses at any
point of the dome : The meridional stress (g_). the hoop stress (o), and the radial
stress (o, in the thickness direction). The value of ¢, is usually very small compared
with 6_ or o, and can be ignored. Then the stress state in the dome is > 0,
6,>0, @ = 0. A balanced biaxial stress state (i.e., 0_= o) exists at the dome
apex.
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2. ANALYSIS

Figure-1 shows the apparatus of biaxial doming experiments carried out by
Megam Frary et 2l.[7]. Dutta and Mukherjee[2] have assumed the following
conditions in their znalytical modeling of bulge forming. The material is isatropic,
The diaphragm is rigidly clamped at the periphery.
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Fig.] : Schematic of the expertmental biaxial gas-presnure apparanes

The thickness (s) of the specimen is very small compared with the die radius
(a), so that bending and shearing effects are negligible and membrane theory is
assumed. The coefficient K and the strain rate sensitivity index (m) in the
constitutive equation: o= K ()™, are constants. The bulge surface shape keeps
to that of a part of a sphere (see Figure-2). There are three principal stresses at any
point of the dome ; The meridional stress (o). the hoop stress (o), and the radial
stress (0, in the thickness direction). The value of & is usually very small compared
with ¢ _ or &, and can be ignored. Then the stress state in the dome is 6> 0,
,>0, o, = 0. A balanced biaxial stress state (ie., 0, = o,) exists at the dome

apex.
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The hoop, meridional and thickness strains at Ma are,
ol
Ey = fn| —
e g
e, = fn 21mr _m| P2 sin &
2nr, a @ (6)

S.
E, = n [s—u] (i)

where s 418 the thickness at M. & is the angle subtended by the apex and the
edge of the dome (see Figure-3) and 4 is the angle between the symmetry axis and
the dome radius, drawing to the point under consideration. Jeyasingh et al.[5.6]
have developed the following equations for the variation in the thickness as a
function of position in the dome ;

3 5 1
. R
5 [Su] (8)
where 5=E,|3=_3'[1+“+“1)1 ‘r'=i Vit K+
U (k+32) V3 (Kk+1)
Sind
¢

Sino

Here s is the initial blank thickness, s and s_are thicknesses at the pole and
edge of the dome. References [4,6] suggests an empirical relatior for the variation
of the thickness (s,) as

¢ )
e [E] ©)
Assuming the volume constancy, we derived

and K=1+

8 = 2Cosec’ e [sp; + (5,-5) L] (10
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where I, = 1 - Cos ctand I, = -Cosa+

Substituting & = o in equation (8), one can get s, in terms of 5 and s,

Using s, in equation (10), one can obtain &by solving the resulting non-
linear equation through Newton Raphsons iterative method. After determining
8y the thickness profile of the dome can be estimated from equation (9},

Using equations (3),(6).(7) in equation (4), one can obtain the variation in
thickness as a function of position in the dome from [3]

5, _(sina) ¢
5y i Sind (1)

It should be noted that s_from eguation (10 is a function of the strain rate
sensitivity index m where as equation (11) is independent of m. To examine the
adequacy of equations (8) and (11), a comparative study is made in Table-1
considering the measured data of Megam Frary et al.[7]. and Dutta and
Sharma [8].

Table 1 : Comparison of analytical and experimental Pole thickness of
spherical domes after superplastic forming

Material Experimental Process parameters | Pole thickness, S, (mm)
m a 5, i} 5, Equation Equation

{mm) | (mm} | (Deg.}| (mm) (10) {11)

TiSAMVITIC [7] 1.0| 24 |151 |5891) L179 1.0%4 1048
Ti6AL4VITIB (7] 10| 24 |1s59 |41.87|1372] 1359 1.326
Ti63A12.7Mol.7Zr [8]] 0.85] 15.15( 2.7 90 | 1,194 L.146 1.094

It is noted that equation (11) is valid for the strain rate sensitivity index (m}
close to unity. Though equation (10) gives the pole thickness (s) through an
iterative process close to the measured thickness, equation (11) gives s, direetly
and accurate for (m) close to unity being followed in the present analysis.
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Combining equation (2), eguation (3} and equation (11}, one can write the

following equation to obtain o for the specified constant pressure at any instane

of time: .
die pp |1 5
—=K — || == Cotx -
)
Sinae ' a
h = T—— a_'ﬂd -
b s“( o ] P= Sina

Equation (12 is solved specifying the initial condition :

o=at t=0 (13)

Equations (12) and (13) represent a non-linear differential equation for the
rate of change in ¢, as a function of the forming pressure, initial sheet thickness
(gﬂ}, die radius (a) and the transformation superplasticity constant K. Far a very
gmall forming time, one can find the following approximate solution to equations
{12) and (13}

: :
9
o= {E K [—E?] t} (14)

The height of the dome at each instant of time can be obtained from,
h=—"— (1-Cosq) (15)

Sin o
the thinning of the dome can be directly obtained from equation(11) by specifying
i values between 0 and o,

Equation (12) is solved by finite difference method with the step size, At=
1040 sec. ;

From the biaxial dome experiments of Megam Frary et al.[7], the
transformation superplasticity constant K, is 2.55 x 102 Pa' 5™ for titanium
matrix composites : TIGAI4V/TiC and Ti6AMVITIB. Using this value in equation
(12) and solving, we obtain the dome height with respect to the forming time.
Figure-4 shows the comparison of analytical and experimental results of the dome
height with respect to the forming time. The analytical results are found to be
reasonably in good agreement with test results,

274 Society of Aerospace Manufacturing Engineers



NAMS 2005 @

20 =

19 1

Height(mm)
=)

5 e Test[7]
—— Present analysis
G - T T T 10
1] 10000 20000 30000 40000
i Time(seconds)

Fig. 4(a) : Dome height as a function of time for THSAMVTIC
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Fig.4 (b} : Dome height as a function of time for TIGAIV/TIE
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3. CONCLUSION

A simple analytical procedure is followed for obtaining the dome height

with respect to the forming time. This procedure is validated from the biaxig]
dome experimental results of titanium matrix composites [7]. Once we know the
pole thickness of the dome, the effective thickness strain can be estimated directly
from equations (4) and (7).

REFERENCES

Tovane, F: Int. J. Mech. Sci., 1958, 10, 403-427

Dutta. A and Mukherjee. A. K : Mater. Sci. Eng., 1992, A157, 9-13,
Enikeev. F. U: Materials Science Forum, 170-172 (1994) 681-686.
Cheng .J. H: J. Mater. Proc. Tech, 1996, 58, 233-246

Jeyasingh. ITV, Dhananjayan. K, Sinha.PP and N ageswara Rao.B : Materials
Science and Tech., 2004, 20, 229-234

6. Jeyasingh. JTV and Nageswara Rao. B : Materials Processing Tech., 2005,
160, 370-373,

7. Megam Frary, Christopher Schuh and David €. Dunand - Metallurgical and
Materials Trans. A, 2002, 334, 1669- 1680,

8  Dutta. A and Sharma. R: Materials Science Forum, 1994, 170-172, 757-
762,

. o T

NAMS 005

276 Soctery of Aerospace Manufacturing Engineers

o

il
s
=



