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a b s t r a c t

In this work, a new methodology for evaluating the constitutive parameters of superplastic

materials is presented. The proposed methodology provides the characterization of the

material by means of a variable called apparent viscosity. This variable is calculated for

three different materials through data collected by free inflation tests made at different

temperatures and pressure values. The apparent viscosity was then used to calculate some

material parameters by which the experimental tests were reproduced numerically in a

finite element commercial code. The results obtained by numerical simulations were

compared both with the experimental ones and with ones deriving by simulations run with

material parameters calculated by a commonly used methodology. The proposed approach

revealed to have a good prediction capability with deviations lower than the one found by

the approach taken as reference. A second validation step was then performed by

comparing the stress and strain-rate values found through the proposed methodology with

the curves constructed by applying uniaxial tests results from literature. This latter com-

parison showed that results fit well with the behaviour shown using the standardised

uniaxial tests.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Superplastic forming (SPF) is a deforming process that is

mainly applied to shell-like pieces to produce complex shapes

[1]. SPF relies on the capacity of certain materials to reach
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extraordinary levels of deformation under particular condi-

tions [2].

The correct outcome of a SPF process requires the adjust-

ment of all the geometrical and physical variables that take

part in it as well as the initial conditions of the material in

terms of initial microstructure [3].
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Traditionally, the study and research of superplastic

forming processes have been supported by disparate

laboratory-scale tests like cap shapes [4], cap shapes with

moving male-die [5], conical shapes [6], cylindrical shapes [7],

more complex shapes including stiffeners in two directions [8]

or free-inflation tests [9]. This disparity has tended to a biaxial

characteristic test versus the uniaxial test normally used to

characterise the material.

The biaxial tests promote a state of biaxial tension on the

material and is usually achieved by applying a deformation on

the two preferential axes of the sample. To achieve this

deformation, a restriction of the displacement at certain

points and the application of a normal load to the surface are

required. This deformation can be achieved by mechanical

action from a male mould [10] or by an external pressure

generated by an inert gas [11].

Inside the latter group there are two categories: one which

takes strain-rate as the target variable to be followed [12],

therefore requiring a previous study using some algorithmic

operation [4,6,7,13] to obtain the history of pressure to be

applied, and another in which a constant pressure is applied

[14].

The free-inflation test [15] is a type of biaxial test inwhich a

specimen, which is usually anchored in its perimeter, is

allowed to expand freely within a cylindrical die. In this

configuration, the only interaction with the mould is

restricted to the entry radius that is normally in the order of

10% of the die radius.

In the last decade, much attention has been paid to this

kind of test for different purposes:

� to evaluate the working conditions for SPF in terms of

pressure and temperature [16].

� to characterise materials [17e19].

� to evaluate behavioural laws [14,20,21].

� to study the behaviour of the microstructure [22].

There is a standard based on the biaxial test, ASTM E2712-

15 [23], which aims to evaluate whether a sheet of a certain

thickness will be able to withstand a forming process of a

certain depth, as well as to study the cavitation process during

forming. Unfortunately, and according to the standard itself, it

could only be usedwith success in aluminium alloys and their

use in titanium or magnesium alloys has to be yet verified.

Compared to the tensile test, the biaxial test has certain

advantages:

� its stress state is more similar to that of a real part

� samples are easier to manufacture

� if the test is carried out at constant pressure, its initial

configuration is simplified

Similarly, there are also certain disadvantages thatmust be

taken into account:
� it is a non-standardised process for characterising the

material

� an additional system is needed to provide and control the

gas supply

� an additional system is needed to record the progress of

the test

Given the simplicity of the free-inflation test, numerous

studies have emerged to develop also a mathematical

approach to the problem. This type of work is focused on

obtaining models that could be used in the prediction of the

main output variables such as forming time or thickness

distribution [24e26]. The different models make use of equi-

librium, compatibility and the constitutive equations with

greater or lesser approximation, to then integrate them and

obtain the expressions, usually implicitly, of the height evo-

lution, thickness distribution or the thickness at a certain

point as a function of time.

In the same way, other works [27] have made use of free-

inflation test to calculate the material parameters from an

analytical approach. More recently, computer methods have

been used in order to calculate the material behaviour via

free-inflation test. Thus, comparing both numerical and

experimental results, the algorithm can lead towards the

correct set of material parameters [9,28].

In that sense, the aim of this work is to propose a new

method to systematically obtain the parameters of any ma-

terial under a superplastic behaviour via free-inflation tests.

This method does not require the support of finite-element

simulations and provides the characterisation of the mate-

rial by a new variable called apparent viscosity that can be

linked to thematerial parameters. Themethod is evaluated in

three ways: comparing the values of the parameters with the

method proposed in [27], comparing the values of experi-

mental forming time with the simulated ones using the ob-

tained parameters, and applying the method to works in the

literature that provide both material characterisation via

tensile tests and free-inflation experiments.
2. Methodology

2.1. Theoretical framework

The behaviour of superplastic materials, since they are

strongly strain rate dependent, can be described by tracing a

stress versus strain rate plot. This plot has been historically

modelled by several mathematical functions that cover the

behaviour in different strain-rate ranges and phenomena,

such as strain hardening or material recrystallization. A

summary of these functions can be found in [29]. The simplest

mathematical expression that models superplastic behaviour

is a power-law function as

s¼K_εm (1)
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Fig. 1 e Geometric parameters of the test.
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where the stress s is related to the strain rate _ε via two ma-

terial parameters K and m, representing a straight line in

logarithmic scale with m as the slope.

Normally, the existing methods that characterise super-

plastic materials aim to find the K and m parameters

[9,11,26,28] from the power-law function.

The methodology presented here lies on the idea that the

material in superplastic conditions behaves as a strain-rate

dependent non-newtonian fluid [6,7]. In this sense, the char-

acterisation of the material needs to provide a fluid-like vari-

able called apparent viscosity ma, which relates the strain-rate

and the stress in the form

s¼ma _ε (2)

meaning that the apparent viscosity can be written using

the habitual parameters as

ma ¼K_εm�1 (3)

In order to calculate the apparent viscosity associated to

the material, we start by performing a free-inflation test on a

sheet with initial thickness so and die radius lo, therefore

characterising the slenderness of the sheet by the Aspect

Ratio, AR ¼ lo=so, Fig. 1. From [24], the stress can be calculated

as

s¼AR
qo

4
fðHÞ¼ lo

so

qo

4

�
1þH2

�2
H

(4)

where its evolution is found to be a function of the dimen-

sionless height, H ¼ h=lo, and the constant external pressure,

qo. Eq. (4) is based on the assumptions that the thickness is

equally distributed along any meridian following Jovane’s

model [24], that the sheet is part of a sphere of radius r and

that the volume remains constant during the whole process.

This last assumption can be made only if the volume fraction

of cavities is negligible [30].

As the strain rate is neither uniform nor constant, a char-

acteristic value will be extracted from the data available from

free-inflation tests. More specifically, the characteristic strain-

rate associated to a free-inflation test is extracted from the

time evolution of the dimensionless height at the centre point

of the sample. This evolution usually presents an abrupt

transient step during the very first seconds of the tests, where

the sample cannot develop any stiffness against a perpen-

dicular gas pressure gradient. After that, a steady growth

state, where the slope remains constant, can be observed,

Fig. 2.

The strain-rate can be calculated from the dimensionless

height evolution [24] as

_ε¼ 2H
1þH2

dH
dt

(5)

Being aware that the slope of the dimensionless height

versus time curve during the steady growth state has strain-

rate dimensions, the characteristic strain-rate is then associ-

ated to this slope, _εoz _H. This approximation is justified by

observing Fig. 2, in which an aluminium alloy at a single
constant pressure and two different temperatures was tested.

Fig. 2a shows the dimensionless height evolution including

two straight lines together with the value of the slope. Since

these two values have strain-rate dimensions, the straight

lines are translated to Fig. 2b as horizontal ones. Applying (5),

the strain-rate evolution at the centre point is plotted, where

time was normalised with the time needed to reach H ¼ 1.

Therefore, it is possible to observe that the steady-state slope

corresponds to the quasi-constant strain-rate for both tests.

Introducing _εo ¼ _H into Eq. (4) and taken into account (2),

the apparent viscosity can be calculated as

ma ¼
qoAR

4 _H
fðHÞ (6)

This last expression can be simplified if fðHÞ is plotted and

analysed, Fig. 3. Since the steady state was observed to be

placed during the second half of the test, that is, H>0:5, the

coefficient fðHÞ=4 from Eq. (4) can be replaced by a u parameter

that is lower than 1 and is adjusted using numerical results.

Therefore, Eq. (6) remains

ma ¼u
qoAR

_H
(7)

The u parameter from the last equation is estimated

applying the estimated K and m into a finite element model

and comparing forming time to experimental time from the

tests showed in Table 1. Simulated and experimental forming

times were measured at H ¼ 1 and then calculated the mean

of the deviations. For a range of u between 0.78 and 0.85, the

best value is found at 0.80, see Table 1.

Summarising, the steps to obtain K andm parameters from

the constitutive power-law function are:

� Measure HðtÞ from the free-inflation test.

� Assign the constant slope during the steady state of HðtÞ to
the characteristic strain-rate _εo.

� Calculate the apparent viscosity using (7).

� Repeat the process for different _εo changing qo.

� Fit ( _εo, ma) pairs with a potential curve to obtain ma ¼ K_εm�1.
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Fig. 2 e Alnovi-U alloy tested at 450 �C and 500 �C at 0.60 MPa. (a) Dimensionless height evolution. (b) Strain-rate evolution

versus the normalised time.

Fig. 3 e Values for f(H) function from (4).

Table 1 e u parameters and errors.

u 0.78 0.79 0.80 0.81 0.82 0.83 0.84 0.85

Error [%] 9.18 7.77 7.12 8.15 7.26 8.79 11.24 11.20

Table 2 e Tests data. Pressure values in square brackets
correspond to test extracted from previous works
[15,16,28].

Material/Temp. [ºC] AR qo[MPa] _εox10
�3 [s�1] texp[s]

AZ31/450 30 0.2 0.16 3407.2

30 0.25 0.22 2435.4

30 0.35 0.45 1185.0

30 0.5 1.1 422.8

30 [0.75] 5.99 87

30 [1.0] 17.6 26

30 [1.25] 40.5 12

AZ31/520 30 0.11 2.3 2205.5

30 0.17 4.2 1307.2

Alnovi-U/450 16.7 0.6 0.5 1045.2

16.7 0.75 0.89 603.3

16.7 0.9 1.2 435.6

Alnovi/500 16.7 [0.3] 0.22 2499

16.7 [0.4] 0.47 1190

16.7 [0.5] 0.82 668.4

16.7 0.6 2.0 260.4

16.7 0.7 2.7 199.3

16.7 0.8 3.2 153.5

Tie6Ale4V/800 22.5 1.25 0.09 5877.6

22.5 1.5 0.15 3671.0

22.5 1.75 0.19 2924.5

Tie6Ale4V/850 22.5 [0.5] 0.14 4597.5

22.5 [1.0] 0.36 1815.1

22.5 [1.5] 0.71 924.3

22.5 1.75 0.81 711.7
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2.2. Experimental procedure

The aforementioned methodology is applied to the tests

summarised at Table 2, where information about thematerial,

aspect ratio, forming temperature, external pressure, char-

acteristic strain-rate and forming time (H ¼ 1) is shown. These

tests are both extracted from previous works [15,16,28] and

performed ad hoc to extend the strain-rate range.

The materials on which the methodology for character-

ising superplastic behaviour is applied are: a magnesium alloy

AZ31 with an average grain size of 11 mm, an aluminum alloy

of the 5000 series commercially known as ALNOVI-U, with an

average grain size of 8.3 mm, and a titanium alloy Tie6Ale4V in

its 23rd grade (Extreme Low Interstitial).

The tests were performed on a specific experimental

apparatus installed on a universal testing machine (INSTRON

4485). The sheet material was interposed between a die and a

blank holder embedded in a cylindrical split furnace able to

keep the tools and the blank at a constant and uniform

temperature.

The clamping force was controlled by the load cell of the

universal testing machine. The die had a cylindrical cavity

with a 22.5 mm radius and an entry radius of 3 mm. The
furnace temperature was controlled by three thermocouples

inserted in the ceramic shell of the furnace in the upper,

central and lower zones. The temperature on thematerial was

monitored by a K-type thermocouple that insisted on the

dome apex and that was counterbalance by a weight to avoid

damaging of the blank that otherwise occurred due to its low

strength at high temperatures. The stem of thermocouple

went across the entire upper tool (the die) and the crosshead

of the testing machine. The metallic upper end of the ther-

mocouple was connected to the cursor of a magnetostrictive

position transducer (mounted over the crosshead of the

testing machine) by which the current height of the inflated

dome could bemeasured. Argon gaswas conveyed by a hole in

the blank-holder and acted on the lower surface of the blank.

The gas pressure was controlled by an electronic proportional

valve. The signals from the thermocouples, the position

transducer, the load cell and from the pressure transducer

https://doi.org/10.1016/j.jmrt.2021.01.116
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Fig. 4 e Undeformed and fully deformed states of a AZ31 sample at 450 �C and 0.2 MPa Using FEM model. Colour scale

corresponds to x displacement.
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and the one sent to the proportional valve were managed

together on a PC by a Labview® virtual instrument. A scheme

of the equipment and further details on the experimental

procedure can be found in [28].

2.3. Numerical model

Experimental forming times are compared with numerical

results using an axisymmetric model with full integration

isoparametric quadrangular elements in the non-linear finite

element package MSC.MARC™. Element size is adjusted to

obtain four elements along the thickness. The upper die is

modelled using triangular elements and rigid material.

Boundary conditions are completed, adding to the axisym-

metric conditions, with clamping restrictions over the nodes

that are in contact with the blankholder and the corre-

sponding constant pressure over the free face of the sample,

Fig. 4. Moreover, a stop criterion is established to finish the

simulation when a displacement equal or greater than

22.5 mm is reached, in which case the test is considered to be

completed.

Convergence difficulties were found for values of m lower

than 0.3, but they were overcome by increasing the number of

recycles of time steps per increment.
3. Results and discussion

The aforementioned methodology is evaluated in two ways.

First, materials from Table 2 are characterised and, from this

characterisation, the K and m parameters are inserted into a

finite element model in which the simulated forming time is

compared with the experimental one. After that, the same

methodology is applied to results measured by other authors,

where both tensile and biaxial tests are provided. Therefore,

the constitutive behaviour from both type of tests can be

compared.
3.1. Forming time estimation

Table 3 shows the list of characterised materials where in-

formation on the external pressure is included. The estima-

tion of K andm, according to themethodology explained in the

previous section, is compared with the values obtained by

applying the methodology of Enikeev and Kruglov [27] (in

parentheses). In the samemanner, the last column shows the

deviations between the experimental and the simulated

forming times, applying the parameters to a FEM model by

using bothmethodologies. In that regard, the forming process

is monitored over time for experimental tests and FEM sim-

ulations. Fig. 5 (a) shows the dimensionless height, H, over t

ime while Fig.5 (b) shows the calculated strain rates at H,

where Eq. (5) has been applied.

The duplication of tests, such as AZ31 at 450 �C at a pres-

sure of 0.35 MPa, means that it has been used in two different

test intervals to obtain K andm. A first interval is set from 0.20

to 0.35 MPa, and a second interval from 0.35 to 0.50 MPa. This

is so because the interval of tests is established as valid when

the strain-rate variation does not exceed 0.5 according to

log
_εn
_ε1
< 0:5 (8)

where the subscript n refers to the last test performed. This

criterion is adopted to approximate the sð_εÞ curve bymeans of

a potential function, and it has already been used in other

works [14,31] as a criterion for distributing the necessary

experimental trials to plot the characteristic curve.

Thus, the set of tests on AZ31 at 450 �C were divided into

two intervals in terms of strain rate: one from 1.6� 10�4 s�1 to

4.5 � 10�3 s�1, and the second one between 4.5 � 10�3 s�1 and

1.1 � 10�2 s�1. This ensures that Eq. (8) is fulfilled.

In general, a better behaviour is observed by the exposed

methodology with respect to the one presented by Enikeev

and Kruglov. Compared to an average error of 14.7% for the

latter, the average error obtainedwith the newmethodology is

https://doi.org/10.1016/j.jmrt.2021.01.116
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Table 3e Characterisation of thematerials and forming time deviations. Values in parentheses are referred to Enikeev and
Kruglov methodology [27].

Material/Temp. [ºC] qo[MPa] K[MPa$sm] m Deviation [%]

AZ31/450 0.2 565.2 (453.2) 0.544 (0.53) 0.7 (�14.8)

0.25 �6.0 (�23.5)

0.35 4.3 (�17.8)

0.35 171.2 (120.9) 0.391 (0.346) �8.2 (�13.3)

0.5 3.8 (�13.7)

[0.75] 70.6 (70.1) 0.267 (0.258) �23.7 (�11.4)

[1.0] �12.7 (�5.0)

AZ31/520 0.11 1126.5 (2091.2) 0.723 (0.832) 10.1 (�22.5)

0.17 1.9 (�21.3)

Alnovi-U/450 0.6 219.7 (251.9) 0.439 (0.463) �3.7 (�11.5)

0.75 �2.0 (�7.0)

0.9 �9.3 (�12.2)

Alnovi/500 [0.3] 102.1 (103.3) 0.384 (0.387) �7.2 (�8.8)

[0.4] �7.7 (�10.4)

[0.5] �8.8 (�9.8)

0.6 422.2 (209.9) 0.642 (0.544) 2.3 (�12.7)

0.7 3.5 (�17.5)

0.8 9.2 (�15.4)

Tie6Ale4V/800 1.25 782.6 (1860.4) 0.382 (0.482) �7.9 (�12.7)

1.5 �8.7 (�3.4)

1.75 �25.0 (�15.9)

Tie6Ale4V/850 [0.5] 5074.3 (6251.4) 0.713 (0.746) �12.4 (�23.5)

[1.0] �14.8 (�22.1)

[1.0] 3676 (2039.6) 0.673 (0.598) �17.9 (�19.2)

[1.5] �8.5 (�19.7)

1.75 �9.7 (�19.0)

Fig. 5 e Comparison of experimental and FEM tests for AZ31 alloy at 450 �C, 0.2 and 0.25 MPa. (a) Dimensionless height, H,

evolution with time. (b) Strain-rate evolution with time at H.

Fig. 6 e Apparent viscosity versus strain-rate for the

magnesium alloy AZ31, [16].
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6.7%, where most of the experiments exhibit deviation lower

than 10%. Moreover, the error is lower than 5% for half of the

tests. The high discrepancy observed in the test on the tita-

nium alloy at 1.75 MPa may come from a change in the

behaviour of the material at this strain rate.

The apparent viscosity is graphically showed as a strain-

rate dependent function for the three tested materials at the

corresponding forming temperatures, see Figs. 6-8. Further-

more, the same methodology is applied to the biaxial tests on

the samematerials appearing at [15,16,28] respectively, which

allow us to obtain a better understanding and a whole

constitutive behaviour of these strain-rate dependent

materials.

Therefore, three additional tests from [16] on the same

batch of AZ31 at 450 �C at 0.75, 1.00 and 1.25 MPa are added to

Fig. 6. This additional range was initially divided into two

different strain-rate intervals in order to fulfil (8). However,

https://doi.org/10.1016/j.jmrt.2021.01.116
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Fig. 7 e Apparent viscosity versus strain-rate for the

aluminum alloy Alnovi-U, [15].
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the behaviour seems to be quite uniform through the whole

strain-rate range and it can be modelled with a single pair of

values of K ¼ 70:6 MPa,sm and m ¼ 0:267.

Additionally, the Alnovi-U behaviour shown in Fig. 7 is

completed by adding the tests for 500 �C at 0.30, 0.40 and

0.50 MPa from [15] over the same batch of material. This new

range provides K ¼ 102:1MPa,sm and m ¼ 0:384.

The increase of m at the second strain-rate interval for

500 �C testsmight be due to a translation of the optimal strain-

rate towards higher values. This is a habitual behaviour when

the working temperature is increased [32].

Finally, the apparent viscosity property of the titanium

alloy Tie6Ale4V, Fig. 8, is completed by adding the three tests

from [28] at 850 �C at 0.50, 1.00 and 1.50 MPa. Moreover, an

additional test at the same temperature was intentionally

performed at 1.75 MPa in order to widen this range. These four

tests are divided into two different ranges, one from 0.50 to

1.00 MPa, and the second one from 1.00 to 1.75 MPa. The re-

sults provide that the two ranges can be modelled using the

parameter values (K ¼ 5074:3 MPa,sm, m ¼ 0:713) and (K ¼
3676MPa,sm,m ¼ 0:673) respectively. It is noteworthy that the

first pair of valuesmatches with the values (K ¼ 5229MPa, sm,

m ¼ 0:703) obtained from the inverse analysis performed at

the cited work.
Fig. 8 e Apparent viscosity versus strain-rate for the

titanium alloy Tie6Ale4V, [28].
The plots from Figs. 6-8 confirm that the strain-rate

dependent functions of the apparent viscosity let us to

describe the superplastic materials as members of the

subgroup of non-newtonian fluids called pseudoplastic or

shear-thinning fluids, which functions can be written as in

Eq. (3).

3.2. Constitutive behaviour

As a second evaluation, the same methodology is applied to

works from other authors that provide results from tensile

and biaxial tests. In this way, using Eq. (2), the methodology

can be compared with the constitutive behaviour extracted

from the tensile test that follows the standard ASTM E2448-11,

[33]. Thus, a total of four different works are analysed: two of

them use the same magnesium alloy AZ31 at 450 �C [14,31],

and the other two use different aluminium alloys, AA5083 at

450 �C [34], and AMg-6 at 415 �C [26].

It must be mentioned that, in the case where the tensile

test provides results for different strains, it is only extracted

the result that corresponds to a strain of 0.5. This is because

the strain of a semi-meridian εm of a completed formed

sample, that is H ¼ 1, can be calculated as

εm ¼ ln

0
B@

plo
2

lo

1
CAz0:45 (9)

Fig. 9 puts together the results from the magnesium alloy

AZ31 tests. Thus, the results from [14] are depicted using a

solid line to plot the tensile test results. The square symbols

represent the values obtained by applying (2), where the

apparent viscosity and the strain rate are assessed by

following the methodology from section 2. On the other hand,

the results from [31] are showed using a dotted line to depict

the results from the tensile test, while the circles represents

the results from the biaxial tests.

The biaxial and tensile test results from [14] match

perfectly, and follow the same curve. The results from [31] are

consistent for strain-rate values in the order of 10�2 s�1, where
Fig. 9 e Stress vs. strain rate for AZ31 alloys at 450 �C. Solid
line and squares refers to tensile and biaxial tests

respectively [14]. Dotted line and circles refers to tensile

and biaxial tests from [31], respectively.
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Fig. 10 e Stress vs. strain rate for AA5083 alloy at 450 �C.
Solid line and squares refers to tensile and biaxial tests

respectively [34].
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a good match is found. For lower strain rates, in the order of

10�3 s�1, the deviation increases to 10%.

Results on the aluminium alloy AA5083 are showed in Fig.

10, where the solid line correspond to the results from the

tensile test and the square symbols from the biaxial tests

obtained at 0.45, 0.83 and 0.90 MPa. These results differ in the

order of the 20% for the results at 4 � 10�4 and 4 � 10�3 s�1

respect to the results from the tensile tests. This difference

reduces to 3% for the biaxial test performed at 0.90 MPa.

Finally, Fig. 11 compares the results from five biaxial tests

on the aluminium alloy AMg-6 at 0.30, 0.35, 0.40, 0.50 and

0.60 MPa, and the analytical viscoplastic behaviour model

from Smirnov [35] for long ranges of strain rates.

s¼ ss
so þ kv _ε

mv

ss þ kv _ε
mv

(10)

where so is a threshold stress, ss is a yield stress, and kv andmv

are material parameters.

Following the same pattern, the solid line corresponds to

the analytical model and the square symbols to the biaxial
Fig. 11 e Stress vs. strain rate for AMg-6 alloy at 415 �C.
Solid line and squares refers to viscoplastic model and

biaxial tests respectively [26].
tests. In that sense, it is observed that the results from the

biaxial tests underestimate the stress function in the order of

a 15% respect to the viscoplastic model.
4. Conclusions

This work presents a new straight-forward methodology to

characterise the superplastic behaviour parameters of mate-

rials. The methodology makes use of free-inflation tests, in

which the height evolution at the centre point of a blank sheet

ismeasured. Thematerial is characterised by a function called

apparent viscosity that reveals the strain-rate dependence

behaviour and classifies superplastic materials as members of

the shear-thinning non-newtonian fluids group.

The methodology is applied on three superplastic alloys

carrying out new ad-hoc tests and collecting others from the

literature. The validity of the methodology is checked in two

different ways: firstly, by comparing the deviation of the

simulated forming times from the experimental ones by the

presented methodology and the one followed by Enikeev and

Kruglov; secondly, by comparing stress vs. strain-rate curves

constructed by applying uniaxial tests and also by the new

methodology, which is based on biaxial tests.

Results show that the obtained superplastic parameters

are in the order of those assessed by the Enikeev and Kruglov’s

method, and that the latter ones provide better results once

they are used in a finite element software. Moreover, the re-

sults obtained with the new methodology fit well with the

behaviour shown using the standardised uniaxial test, open-

ing the door to a new standardisation of the characterisation

of superplastic materials by using free-inflation tests.
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