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Abstract

Macroscopic superplastic behavior of metallic or non metallic materials is usually represented by the strain-rate sensitivity, and it can
be determined by tensile tests in uniaxial stress state and bulging tests in multi axial stress state, which is the actual hot forming process.
And macroscopic behavior of Non-SPF grade materials could be described in a similar way as that of superplastic materials, including
strain hardening, cavity and so on. In this study, the material characterization of non-SPF grade Inconel 718 has been carried out to de-
termine the material parameters for flow stress throughout free bulging test under constant temperature. The measured height of bulged
plate during the test was used for estimation of strain-rate sensitivity, strain-hardening index and cavity volume fraction with the help of
numerical analysis. The bulged height obtained from the simulation showed good agreement with the experimental findings. The effects

of strain-hardening and cavity volume fraction factor for flow stress were also compared.
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1. Introduction

Gas forming, including superplastic forming, provides a
significant opportunity for forming complicated, lightweight
components for aerospace application. This also increases part
integrity by minimizing joining and joining problems. The
most important advantage of using superplasticity is the sim-
plicity and economy in tooling. But only restricted materials
have superplastic characteristics.

At elevated temperature, the thermally activated component
of the flow stress is usually expressed in a form of the power
law:

5 — Kg;m =n (1)

where & is the effective flow stress, z s effective strain
rate, K is a strength coefficient which depends on temperature
and microstructure, m is the strain rate sensitivity and # is the
work-hardening index. Hot working behavior of a material is
strongly dependent on the processing parameters, i.e., tem-
perature, strain rate and strain [1]. These parameters must be
found by characterization to analysis and optimized forming
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procedures.

There are three representative test methods for the evalua-
tion of superplastic characteristics: tensile test, cone cup test
and free bulging test. Uniaxial tensile test is carried out under
the uniaxial stress state and is relatively easier than other
methods. However, multiaxial stress state occurs in the real
hot gas forming situation, thus the strain rate sensitivity de-
termined from the uniaxial tensile test might be different.
Cone cup test was suggested in order to enhance the tensile
test. The cone cup test [2, 3] uses a constant test pressure, and
induces a constant and multiaxial stress state in the sheet.
Therefore the test condition is similar to the real forming con-
dition. However, it is difficult to exclude the friction effect
which exists between the tool and workpiece and the friction
condition might affect the material characterization. Free bulg-
ing test [4-6] was also suggested. It is similar to the cone cup
test. But the test pressure changes continuously during the test
in order to maintain constant strain rate. In this case, it is diffi-
cult to control the pressure to ensure a constant strain rate. In
Refs. [7, 8], work-hardening index is calculated with the help
of finite element method in free bulging test.

Inconel 718 is widely used nickel-base superalloy for air-
craft applications to withstand a combination of high tempera-
ture, hot gas corrosion and high strength. But it is not easy to
fabricate by conventional methods resulting in high cost and
time. SPF grade Inconel 718 has already been characterized
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Fig. 1. Experimental setup for free bulging test.

by previous researches [9-13]. But characterization for non-
SPF grade Inconel 718 is not common because of its low
formability and restricted application for hot forming. If shape
of product doesn’t need superplastic deformation, hot gas
forming can be applied for Inconel 718. It will save cost and
manufacturing time. In this paper, material characterization of
non-SPF grade Inconel 718 has been carried out using the free
bulging test by constant pressure at high temperature. During
the free bulging test, the height of the free bulged plate is
measured according to time. Based on test data, material pa-
rameters for flow stress are calculated in bi-axial stress state.
Strain-rate sensitivity and work-hardening index are consid-
ered as constant, but strength coefficient, K, is assumed as a
function of strain to take into account microstructure evolution
in large strain region. Finally, we find reasonable results for
height at dome apex, thickness distribution after forming and
deformed shape between experiment and analysis using ob-
tained material parameters.

2. Free bulging test

A free bulging test using Inconel 718 was carried out under
constant temperature, 980°C. The test pressure was considered
for two cases of 5.0 MPa and 6.5 MPa. The supplied gas pres-
sure increased up to the target pressure within 15 sec and was
kept to be constant for 1800 sec. The displacement of the apex
of bulged plate was measured according to time.

The experimental setup for the free bulging test is shown in
Fig. 1. Diameter of the mould cavity is 106.0 mm and the fillet
radius of inlet is 5.0 mm. The lower plate and the upper sheet
for bulging were welded along the periphery to ensure air tight-
ness. Gas pressure was supplied through the supply pipe welded
to the upper sheet. Thickness of the bulged plate is 3.2 mm.

3. Characterization method

3.1 Theoretical consideration

Fig. 2 shows the process of free bulging. In this case the pe-
riphery of the sheet should be constrained so that radial dis-
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Fig. 3. Measured displacement and fitting functions.

placement cannot occur, and inert gas is applied to the sheet
surface.

Therefore, the sheet bulges into the mould cavity without
friction. Each stress component can be expressed as a function
of geometry parameters in Fig. 2 [14], and the relationship
between the equivalent stress and strain rate will have the
following form:

R+ 1) Yy
P( : ) _of ) ®
4hR’s R +h

The only unknown variable is the height of the bulged sheet,
hand h in Eq. (2). Thus if the height changes according to
time are measured throughout the experiment, it is possible to
obtain the strain rate and stress.

Fig. 3 shows the measured displacement at the apex. These
height changes were fitted as an analytical function of time as
shown in Fig. 3. But in case of 6.5 MPa pressure condition,
bulged part is fractured during test at # = 1504 sec, & = 54.6
mm. Before fracture, the rate of change of displacement at the
apex is increased suddenly because of local thinning near pole
area. This area is excluded for the fitting function.

It is possible to calculate strain-rate and stress by substitut-
ing fitting equations into Eq. (2). If equivalent stress is only a
function of the equivalent strain rate as shown in Eq. (3), K
and m can be calculated.

c=Kz". 3)
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Table 1. Material parameters for Eq. (6).

Pressure (Mpa) K (MPa) m
5.0 251.0 0.143
6.5 398.0 0.190

The obtained strength coefficient and strain-rate sensitivity
are summarized in Table 1.

3.2 Numerical consideration

If strain hardening effect is considered for flow stress calcu-
lation, Eq. (1) should be used. There are many previous works
[1-6] to get material parameters for flow stress at high tem-
perature. But in most cases the strain hardening effect was
neglected to simplify the analysis and they showed reasonable
results. In Refs. [7, 8], strain hardening effect was determined
by adopting numerical method. In this chapter, the method
proposed by Refs. [7, 8] is summarized.

The strain-rate sensitivity is determined from data obtained
from free bulging test by

=P/ Pr) @)
In(t, /)

where #; and ¢, are the forming times necessary to obtain the
same dome geometry at constant pressure p; and p,, respec-
tively. Employed assumptions for Eq. (4) are

- Material is isotropic and volume remains constant,

- Elastic strains are negligible,

- Sheet metal at any given instant is shaped as a part of a

sphere subject to internal pressure,
- At the periphery, the sheet metal is rigidly clamped.

After strain-rate sensitivity is determined, # is calculated by
minimizing the function Q:

®)

Q(n):[(lnr) —(In7) ] +[(hn) —(In7) J

(In7)™ (In7)™

where r=¢,,/¢t,,, and ¢, , t,,, are the forming time
taken to reach the dome height, 4/ and /2, respectively, in
constant pressure-forming process. (Inz)" represents the value
of the dimensionless time obtained from numerical simulation
for a fixed value of n. For analysis, K is assigned an arbitrary
value and 7 is made to vary in a suitable range. The value of
will be the one in correspondence to which the function Q(n)
assumes its minimum value.

Similarly, the parameter K is determined by minimizing the
function F defined by

()™ ()™

Fig. 4. Microstructure observation after free bulging test.
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Fig. 5. Finite element model and boundary conditions.

3.3 Cavity volume fraction effect

In tensile testing at high temperature, cavities are easily ob-
served in SPF grade Inconel 718 [10, 11]. In superplastic
forming, Inconel 718 fails through a combination of necking,
cavity growth and cavity interlinkage. And cavitation will be
the dominant factor for failure at slow strain rate condition
(1x10*/s) [12]. Cavitation may affect local thinning at pole
before fracture is observed in an experiment. Cavitation effect
for flow stress should be included to explain that.

Cavity volume fraction will depend on strain and is usually
known as follows [15, 16]:

S = foexp(ne) (7)

where f; is the extrapolated volume fraction of cavities at zero
strain and # is the cavity growth rate parameter. In Ref. [16],
cavity initiation strains are obtained according to hot working
temperature.

After free bulging experiment, cavitations were found in
bulged part as shown in Fig. 4. It shows cavity volume frac-
tion is increased by moving to the pole direction. So cavity
volume fraction factor is included in strength coefficient for
analysis in the next chapter.

4. Numerical analysis for characterization

4.1 Analysis using material parameters excluding strain
hardening

The material parameters in Table 1 are verified by finite
element method. Analysis model is shown in Fig. 5.
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Table 2. Material parameters for Eq. (1).

m n

0.237

K (MPa)

0.0894 673.05

Displacement [mm}
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Fig. 6. Comparison of displacement: (a) p = 5.0 MPa; (b) p = 6.5 MPa.

ABAQUS/Standard is used for simulation. The element type
used in the simulation is axisymmetric 4 node quadrilateral
linear element. Fig. 6 shows the comparison with experiment
in displacement change according to time at apex.

Material parameters show different values according to pres-
sure condition, so all cases are analyzed for comparison. The
analysis using material parameters obtained in same pressure
condition has reasonable result with test. But if these parame-
ters are applied to other pressure condition, it shows an entirely
different result. So material parameters calculated in Table 1
are not general form but useful in that pressure condition.

4.2 Analysis using material parameters including strain
hardening

The material parameters in Eq. (1) are obtained by the
method described in Section 3.2 and shown in Table 2. Re-
sults are compared in Fig. 7. As shown in Fig. 7, displacement
change is very similar to the experiment. But in 65 MPa pres-
sure condition, local thinning before fracture is not explained
with this model. As mentioned in Section 3.3, cavity volume
fraction must be included to strength coefficient.
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Fig. 7. Comparison of displacement: (a) p = 5.0 MPa; (b) p = 6.5 MPa.

4.3 Analysis using material parameters including strain
hardening and cavity volume fraction

If cavity volume fraction is only function of strain, the flow
stress equation can be expressed as

c=K(- f(e)é"e". (8)

In this paper, cavity volume fraction, f{¢), is assumed zero
until the strain value reaches critical strain, ¢; and it is in-
creased with fixed slope after that.

In Fig. 7(b), separation between the result of the test and
that of analysis starts about 500 sec. At that time, the strain
value of the apex is 0.35. So critical strain is assumed as 0.35.
Increasing rate of cavity volume fraction is found to minimize
the error between analysis and experiment. The analysis result
including cavity volume fraction is plotted together in Fig.
7(b) for comparison. In 5.0 Mpa pressure condition, maximum
strain does not exceed critical strain. So cavity volume frac-
tion is assumed as zero always.

Finally, deformed shape is also compared with test in Fig. 8.
And thickness at the pole and bulged height is compared in
Table 3. All results show good agreement with experiment
after considering strain hardening and cavity volume fraction
except deformed shape in 6.5 Mpa pressure condition (Fig.
8(b)). Deformed height and thickness at pole are almost the
same, but the deformed shape has a little error. The contact



J.-T. Yoo et al. / Journal of Mechanical Science and Technology 26 (7) (2012) 2101~2105

Table 3. Comparison of thickness and bulged height at apex.

5 MPa 6.5 MPa
. Bulged . Bulged
Thickness height Thickness height
Experiment (mm) 2.39 31.8 0.82 54.6
Analysis (mm) 220 32.08 0.87 53.97
Error (%) 7.95 0.88 6.10 1.15
|

I E:q:;; "men'.“|

(a)p=5.0MPa

(b) p=6.5 MPa

Fig. 8. Comparison of deformed shape: (a) p = 5.0 MPa; (b) p = 6.5 MPa.

condition and fillet radius of the tool may cause this error dur-
ing analysis. If this effect is studied, the degree of the preci-
sion of the analysis will be increased in deformed shape also.

5. Conclusions

From the free bulging test of Non-SPF grade Inconel 718,
material parameters for flow stress at high temperature are
determined including strain-rate sensitivity, strain hardening
and cavity volume fraction. So the following conclusion can
be obtained.

(1) Free bulging test using constant pressure can also be a
material characterization method for Non-SPF grade material

(2) Inconel 718 used in this paper has low strain-rate sensi-
tivity (0.237). So it doesn’t have superplastic characteristics. If
flow stress is described only by strain-rate, it cannot be a gen-
eral form for flow stress.

(3) If strain-hardening effect is included for flow stress, it
can be used for analysis with reasonable results before cavity
volume fraction effect becomes dominant.

(4) Cavity volume fraction is assumed as a linear function
and included in the strength coefficient. Analysis considering
strain-rate sensitivity, strain hardening and cavity volume
fraction for flow stress shows good agreement with experi-
mental finding in displacement change during bulging, de-
formed shape and thickness at apex.

(5) Cavity volume fraction is estimated with the help of fi-
nite element analysis.
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