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Abstract In this work, the gas forming of AZ31 magnesium
alloy 0.75-mm-thick sheets at elevated strain rates (fast gas
forming) is investigated through an experimental-numerical
approach. First, free inflation tests were carried out to find
the conditions, in terms of temperature and forming pressure,
able to give the best compromise between the alloy formabil-
ity and the forming time. The analysis was successively
moved to a closed die forming application with a stepped
geometry case study in order to analyse the real forming pro-
cess. Both an axisymmetric model of the free inflation test and
a 3D model of the closed die forming process were built to
correlate the results from free inflation tests (in terms of opti-
mal strain rate values) to the closed die forming test:
Numerical simulations were run to find the pressure value to
be applied in gas forming tests. Experimental gas forming
trials were finally conducted in order to support the approach
and to analyse post-forming characteristics of the formed
parts. Results showed that very small fillet radii can be
reached on a commercial Mg alloy sheet setting very short
forming times (few seconds). The choice of the forming tem-
perature and of the corresponding optimal strain rate strongly
affects the grain growth and the cavitation phenomena. Even
if the alloy is prone to a strong static and dynamic grain
growth at elevated temperatures, a small mean grain size value
can be reached in the formed component due to the short
forming times.
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1 Introduction

In recent years, the word “fast”, as well as “rapid” or “quick”,
for the gas forming process is spreading out with the meaning
of'a superplastic-like gas forming process in which cycle times
are significantly shorter than conventional superplastic
forming. Neugebauer et al. provided a net distinction between
superplastic forming and fast gas forming based on the cycle
time, that ranges from minutes to hours in the former while it
has a duration of few seconds in the latter [1]. In the fast gas
forming process, the forming technique is the same of the
conventional superplastic forming one: It is based on the blow
forming approach, which adopt a relatively low gas pressure
as forming tool acting on a thin heated metal sheet that ex-
pands (with negligible drawing) in a female die. By the com-
bination of the potentialities of this approach with wrought
materials, such as magnesium (Mg) alloys, that cannot be
successfully formed in complex shapes at room temperature,
great interest arises towards such a process in several indus-
trial fields [2]. Deformation mechanisms in the two process
families (superplastic forming and fast gas forming) are obvi-
ously different. Recent studies demonstrated that large elon-
gations to failure can be reached in wrought Mg alloys even if
the grain boundary sliding (GBS) is not main deformation
mechanism [3]. In mass production, the superplastic forming
has not a large-scale application. This is mainly due to the high
cost of the process and to its characteristic large cycle time,
which make this process globally less competitive than other
conventional ones. In order to overcome these limits, high
strain rate superplasticity as well as techniques as the quick
plastic forming have been developed and are continuously
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improving in order to achieve high volume production [4]. It
has been also demonstrated that the pressure profile can be
improved to speed up the gas forming process on AZ series
Mg alloys [5]. Zhang et al. studied the superplastic behaviour
of an AZ31 Mg alloy prepared by friction stir processing, and
they found elongations to failure above 200 % at 673 and
723 K also with a strain rate of 10> s ' [6]. They also found
that grain growth and cavities coalescence play important
roles in the deformation behaviour of the AZ31 Mg alloy at
673 and 723 K, while dynamic recrystallisation dominates the
structure evolution at 573 K. Chung et al. investigated the
superplastic behaviour of a fine-grained AZ61 Mg alloy sheet
during equi-biaxial tensile deformation: Thin circular dia-
phragms (0.7 mm in thickness) were successfully deformed
into hemispherical domes at 673 K applying gas pressures in
the range 0.46—1.20 MPa. They concluded that, adopting high
pressure levels (0.8 and 1.2 MPa), the creep deformation
mechanism for the Mg alloys changes from the lattice diffu-
sion (DL) controlled GBS to the DL-controlled dislocation
climb due to dynamic grain growth occurring during the
forming process [7]. Wu et al. have successfully formed a
fine-grained AZ31B-O Mg alloy at 693 K into a shallow rect-
angular pan characterised by a width to depth ratio of 5 and by
a fillet radius smaller than 2 mm. Such results were achieved
by constant gas pressure blow forming tests, setting a cycle
time shorter than 2 min. They stated that the dislocation creep
is the predominant deformation mechanism at strain rates ap-
proximately in the order of 10 s™' and at the temperature of
693 K [8]. Moreover, the fine-grained structure seems not to
be a fundamental requirement if high elongations to failure
have to be reached. In fact, EI-Morsy et al. reported a super-
plastic behaviour of an AZ31 Mg alloy even if it had an initial
relative coarse grain structure. They measured, through the
multi-dome test conducted at 673 K, a strain rate sensitivity
index (m) of 0.45 and a strain rate value of about 5x10 % 5"
[9]. Moreover, as reported by Kim et al., at elevated tempera-
tures, the grain coarsening of the AZ31 Mg alloy is so signif-
icant that a comparison between alloys with different initial
grain sizes can be vane: The extremely fast grain growth
makes the alloys similar from the microstructural point of
view after short testing times. This is due to the dissolution
of the Mg;,Al,, phase particles into the Mg matrix above
473 K [10].

The principal issues to be handled during the deformation
of Mg alloys, especially at elevated temperature and for large
strain to be reached, are the cavitation, the grain growth and
also the interaction between the above-mentioned phenome-
na. According to Lee and Huang, the major factors affecting
the cavitation behaviour are the loading temperature, the strain
rate, the strain level and the mean grain size [11]. As for the
grain growth, the static and the dynamic components can be
assumed to contribute independently, and hence, their cou-
pling gives the total grain growth. Several predictive models
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exist for both the static and the dynamic grain growth of sev-
eral alloys. Among them, the model developed by Miao et al.
for a hot-rolled AZ31 Mg alloy can be assumed for predicting
the static growth in the range of 523—723 K and for annealing
times up to 120 min [12]. This model highlights that the an-
nealing temperature effect on grain size is more significant
than the annealing time one. Thus, reducing the forming tem-
perature is not only beneficial for its intrinsic economic ad-
vantage but also because it provides better post-forming char-
acteristics in terms of final grain size. Sorgente et al. analysed
the forming behaviour of a commercial AZ31 Mg alloy sheet
at elevated temperature both in free bulging and in closed die
tests. Results from experimental activities highlighted that the
die filling increases more than linearly according to pressure
and less than linearly according to forming time. Moreover, in
the explored temperature range, a good compromise between
elongation to failure, strain rate sensitivity index and material
post-forming conditions can be achieved at 733 K [13].
Among above-mentioned works, the definition of the optimal
value of the forming temperature is controversial: Some au-
thors claim that working at 673 K is more appropriate for the
AZ31 alloy due to the strong temperature influence on the
grain growth, while other authors prefer to work at 723 K
because the elongations to failure which can be reached are
higher and, at the same time, the forming time can be drasti-
cally reduced [3, 9, 14, 15]. A drawback of operating at high
temperature is the orange-peel surface that can be observed on
the formed part, especially when low strain rate values are
adopted [16].

The aim of this work is to demonstrate the potentialities of
the fast gas forming process to manufacture complex shape
components using an AZ31 Mg alloy. The experimental cam-
paign, conducted in the temperature range 623—723 K setting
high forming pressure levels, was aimed at investigating the
behaviour of such Mg alloy at high strain rates. After detailing
and discussing the results of the experimental campaign, a
deeper insight of the fast gas forming process of the
AZ31 Mg alloy is given and suitable process parameters are
provided. The work consists of two parts: The first part is
focused on the material characterisation; the second part con-
cerns the fast gas forming process analysis. In the first part, the
material ability to reach elevated elongations to failure was
evaluated measuring the final dome height at failure reached
in free inflation tests. Apart from a marked superplastic be-
haviour at low forming pressure values, a process window
characterised by good formability at high pressure values
was found taking into account also the microstructural evolu-
tion of the alloy. In the second part, a numerical model of the
fast gas forming process of a stepped geometry case study was
built to define the optimal forming pressure value.
Experimental closed die forming tests were finally carried
out to validate the results from both the characterisation and
the numerical analysis.
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2 Material and methods
2.1 Material and metallographic analysis

A single batch of AZ31B (MgAIl3Zn1 wt%) sheets having an
average grain size of 11.0+0.4 um and a thickness of 0.75+
0.07 mm was purchased in the annealed condition. Grain
boundaries were revealed by chemical etching after mechan-
ical polishing both on the as-received material and on the
deformed specimens. For this purpose, the acetic picral solu-
tion containing 4.2 g picric acid, 10 ml acetic acid, 10 ml H,O
and 70 ml ethanol was used. Optical microscopy observations
were conducted using an inverted microscope (NIKON
MA200). In Fig. 1, the microstructure of the as-received sheet
is reported.

The microstructure of the as-received alloy is characterised
by fine and equiaxed grains typical of a completely annealed
and recrystallised material structure.

2.2 Free inflation tests for the material characterisation

The material characterisation through free inflation tests was
performed on the laboratory scale equipment embedded in the
cylindrical split furnace of an INSTRON 4485 universal test-
ing machine. The equipment is composed of (i) a blank hold-
er; (ii) a female die (having a 45-mm diameter and an entry
radius of 3 mm); (iii) a pneumatic circuit for the gas supply, in
turn, composed of an argon cylinder, proportional electronic
valves, steel tubes in the proximity of the forming chamber
and flexible polyurethane tubes in colder zones; (iv) an
INSTRON electric furnace characterised by three independent
heated and controlled zones (the upper, the central and the
lower), which was set to three different temperature levels in
order to compensate the thermal dispersion; (v) thermocou-
ples to monitor the thermal condition on the sheet and on the
tools; (vi) a transducer for measuring the specimen dome
height during the bulging test and (vii) a PC equipped with a
data acquisition I/O device by which the test parameters (pres-
sure, temperature and also blank holder force) could be

Fig. 1 The microstructure of the AZ31 Mg alloy in the as-received
condition

monitored and managed. A schematic representation of the
test is given in Fig. 2: The sheet can freely expand in the
cylindrical die cavity. Further details can be found in [17].

The blank is not preheated, and it is interposed between the
die and the blank holder when they have reached the test
temperature. Due to its small thickness and, consequently, to
its small thermal capacity, the sheet reaches a stable test tem-
perature in about 100 s. To limit the effect of the static grain
growth during the test and to assure a uniform temperature
across the sheet, each test was started, i.e. the gas pressure
was raised up to the test value, 120 s after positioning the
blank between the tools and setting the blank holder force.
Even if the duration of the phase before the gas inflation is
comparable to one of the forming test, the static grain growth
in such a transient phase was considered negligible since the
temperature is in a rising phase.

2.3 Forming tests and case study

Gas forming tests were carried out using the equipment shown
in Fig. 3. In particular, the 2500 kN electro-hydraulic press
machine (four electric motors supported by additional two
hydraulic cylinders for increasing the closing force), specifi-
cally designed in collaboration with the Gigant Italia compa-
ny, was used.

The press machine is suitable for both warm hydroforming
and superplastic forming tests, being equipped with heated
tools for warm (up to 623 K) and hot conditions (up to
1273 K). In the present work, for the fast gas forming tests,
the hot working tools were used. In particular, the lower tool
contains a metallic blank holder, while the upper tool contains
a fibre reinforced refractory castable (FRRC) insert as a die,
whose geometry is also reported in Fig. 3: It is a stepped shape
characterised by a two depths die cavity, respectively equal to
12 and 20 mm.

Each tool (both the lower and the upper one) contains a
Nichel Alloy 600 element embedding six electric cartridges
(total power per tool 13.2 kW) managed by the programmable
logic control (PLC) of the press machine using temperature
data from thermocouples. The thermocouples are placed near
the electric cartridges and also in proximity of both the die
surface (upper tool) and the blank holder (lower tool). When
the temperature difference between the die cavity and the
blank holder is smaller than a prescribed value, the heating
phase ends and the forming gas is blown into the tools. In the
experiments described in this work, a 5 K temperature differ-
ence value was set, thus assuring a uniform temperature
distribution.

The blank to be formed is introduced into the tools (be-
tween the FRRC die and the blank holder) after they have
reached the test temperature. Boron nitride is applied to the
blank upper surface which is going to be in contact with the
FRRC die.
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Fig. 2 Equipment for blow a

b

forming tests: a schematic
drawing of the inflation system
and b image of the deformed
specimen after the free inflation
test

The forming gas is blown through the blank holder, and it is
not heated due to its negligible thermal capacity. The pressure
of'the gas is controlled through a proportional electronic valve
which is also managed by the PLC in order to obtain any
pressure profile defined by the user. In the experiments de-
tailed in the present work, a constant forming pressure level
was used. The forming pressure was calculated by means of
preliminary finite element (FE) simulations based on the out-
comes of the material characterisation (by free inflation tests)
in order to subject the blank to an average strain rate close to
the optimal value.

2.4 Numerical modelling

Both an axisymmetric and a 3D model were built to analyse
the forming process using the commercial FE code ABAQUS/
Standard and an elastic-viscoplastic integration.

The axisymmetric model reproduced the free inflation test:
The Mg alloy deformable blank was divided into 800 contin-
uum elements with four nodes and one integration point; the
die was modelled as an analytical rigid surface, and the blank

Fig. 3 Equipment for gas
forming tests

FRRC tool

Blank Holder

Lower heated tool
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Upper heated tool

holder was not modelled. The blank was constrained along its
periphery in order to have no translations in the radial direc-
tion and to allow only thickness variations.

The 3D model was built to simulate the gas forming pro-
cess in the closed die characterised by the case study geometry
(see Sect. 2.3). Due to the symmetry of the load and of the
boundary conditions, only a half of both the blank and the die
were modelled in order to reduce computational costs (Fig. 4).

The blank was modelled using 15,000 linear quadrilateral
elements (type S4 in the software library, ABAQUS [18]) and
the die using 3320 linear triangular and quadrilateral elements
(type R3D4 and R3D3 in the software library, respectively,
ABAQUS [18]). The tangential behaviour of the contact pair
blank/die was modelled setting the Coulomb friction coeffi-
cient to 0.15. Since boron nitride was used during the forming
tests, this value was chosen according to the results reported
by Hanna [19]. Both in the axisymmetric and in the 3D model,
a constant pressure was applied. The forming pressure was
modelled in order to reproduce the experimental pneumatic
inertia measured in the experimental equipment when increas-
ing the pressure up to the maximum value using a linear ramp.
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Half die

Half sheet

Fig. 4 Numerical model of the gas forming process

The time to reach the maximum value of the pressure was set
to 0.6 and 5 s in the axisymmetric model and in the 3D one,
respectively, according to the different pneumatic inertias of
the two forming setups (this difference is mainly related to the
different volume to be filled in by the gas).

A constant pressure induces a not constant strain rate along

the sheet, and the mean equivalent strain rate value & can be
calculated as follows:

t=ty

S E (1At (1)

_ 1 17 1
E=— & (t)dtz—ztzo

IrJ o Iy

where #; is the forming time to reach a specific strain, & (¢) is
the equivalent strain at time ¢, df and At are the infinitesimal
and the finite time intervals, respectively. The heat transfer
was not modelled since the temperature distribution was con-
sidered perfectly stable and uniform. The material behaviour
at 723 K was modelled according to the equation developed
by Carpenter et al. [20]:

A
£= %OJM‘BS +ADCO-”DC (2)

where ¢ is the equivalent creep strain rate, d is the mean grain
size, o is the equivalent flow stress, Agps and nggs are mate-
rial constants for GBS creep, and Apc and npc are material
constants for DC creep.

The mean grain size (d) is calculated taking into account
both the static and the dynamic growth implementing, by a
solution-dependent variable in the numerical model, the equa-
tion by Sato et al. [21]:

d = dye* (3)

where ¢ is the equivalent creep strain, « is a material constant
for the dynamic growth and d; is the grain size after the static
growth and is calculated as follows:

do= (dy + ¢ 4)

being d|, is the initial mean grain size, ¢ is the dwell time, C and
N are material constants for the static grain growth. Even if the
pressure was experimentally raised after the temperature ho-
mogenisation, the value of d, was set to the initial one since

the static grain growth was neglected (see Sect. 2.2). At each
time instant of the simulation, the value of the grain size after
static growth is calculated and its value put in Eq. (3) to cal-
culate the grain size value given by both static and dynamic
growths. All material constants were set using results by
Carpenter et al. [20]. Values of material constants are reported
in Table 1. Both planar and normal anisotropies were
neglected.

3 Material characterisation by free inflation tests
3.1 Free inflation tests

In Fig. 5, results obtained by free inflation tests conducted in
the present work are presented together with results from a
previous work by the authors [13], in which a lower pressure
range was explored on the same alloy.

It can be seen that the highest dome height at failure can be
achieved when the pressure level (i.e. the strain rate) is the
lowest and the temperature is the highest. This combination of
high temperature and low strain rate leads to a superplastic
behaviour of the alloy, characterised by a very large elonga-
tion to failure. When the temperature decreases, the dome
height at failure also decreases and the lowest value of this
parameter (measuring the formability of the alloy) can be ob-
served at the lowest temperature (623 K) and the highest pres-
sure (1.50 MPa). At the highest temperature, also the highest
pressure sensitivity can be found: A small increase of the
forming pressure (0.10-0.20 MPa) at the highest temperature
(793 K) leads to a sudden drop of the dome height at failure.
On the contrary, at intermediate temperatures (673—723 K), a
plateau at around 1.00 MPa can be distinguished, in which the
pressure sensitivity is very low and the material exhibits a
good formability.

When complex shapes have to be formed, different areas of
the sheet undergo to very different stress states and conse-
quently to different strain and strain rate histories: Pressure
sensitivity should be as low as possible in order to have a

Table 1 Material

constants used in the Parameter Value
equation by Carpenter
et al. [20] dp (um) 11
C(ums ) 1.1x10%°
N 22
a 0.54
Agps (s MPa™9BS Py 0.048
NGBS 1.3
P 3.1
Apc (s MPa™PC) 3.1x1071°
npc 5.7
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Fig. 5 Dome height at failure at various temperature and pressure levels

uniform strain behaviour avoiding the occurrence of local crit-
ical conditions. This suggests that, when extremely high elon-
gations are not necessary, the forming pressure can be in-
creased since the dome height to failure does not decrease
too much in spite of a significant time reduction.

In Table 2, the values of the average time needed to achieve
the dome height at failure for different temperature and pres-
sure values are reported.

Working at 673 K, an increase of the pressure from 0.75 to
1.00 MPa leads to a similar dome height at failure, but with a
62 % time reduction; at 723 K, if the pressure is raised from
0.50 to 1.00 MPa, the forming time can be reduced up to 89 %
without a significant loss in terms of material formability.

3.2 Microstructural evolution

In Table 3, the micrographs of the specimens deformed at 673
and 723 K, both using a gas pressure of 1.00 MPa, are report-
ed. It can be seen that, for both the specimens, in the
underformed area (the flange region, between the die and the
blankholder) where only the static grain growth occurred, the

mean grain size is very close to the one of the material in the
as-received condition (11.0£0.4 um). On the other hand, the
grain size significantly increased in the most deformed areas.

In particular, when setting the forming pressure to 723 K
and 1.00 MPa, after 30 s, the mean grain size in the unde-
formed and in the most deformed (dome apex near the frac-
ture) areas are 12.3+0.5 and 30.8+1.8 um, respectively.
Setting the same gas pressure at 673 K, after 190 s, the mean
grain size in the undeformed and in the most deformed areas
are 14.5+0.7 and 20.7+1.0 wm, respectively. These results
denote that the static growth has a slighter effect on the grain
size if compared to the dynamic growth. Results are almost
consistent with the predicted ones achieved using Eq. (3) and
the material constants found at 723 K by Carpenter et al. [20]:
The model underestimated by a 10.4 % and by a 23.8 % the
static value and the dynamic value, respectively, found in this
experimentation. The relation found by Miao et al. [12] for the
estimation of the static grain growth at different temperatures
leads, at both 673 and 723 K, to an overestimation of the
contribution of the static growth by 36.6 %. This can be relat-
ed to the very short forming times that were used in the ex-
amined experiments. At the first stage of the static growth, as
confirmed for lower temperatures by Yang et al., there is an
incubation period of grain growth followed by a second stage
of rapid grain coarsening [22]. This behaviour was related to
the recrystallisation of the AZ31 alloy, even for annealed
structures.

Comparing specimens in Table 3, another result is that the
specimen formed at 673 K at 1.00 MPa is much more dam-
aged in terms of cavitation than the one formed at 723 K. This
difference can be attributed to the forming temperature, to the
forming time and also to the strain rate difference between the
specimens. Lee and Huang investigated the cavity develop-
ment in an extruded AZ31 plate deformed to a strain of about
1.1 denoting that, at 673 K, the average cavity size and the
cavity volume fraction are higher when setting the strain rate
to 6x10* s than when setting it to 1x107 s ™", This can be

Table 2 Free inflation test

experimental results Temperature, K

Pressure, MPa

Mean dome height at failure, mm Average time to failure, s

623 0.75
623 1.00
623 1.25
623 1.50
673 0.75
673 1.00
673 1.25
723 0.50
723 0.75
723 1.00
723 1.25

21.6 2340
20.4 841
22.0 352
19.3 213
22.6 498
22.8 190
21.0 80
232 381
229 104
23.6 30
21.7 15
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Table 3 Mean grain size values and micrographs of specimens formed at 673 and 723 K with 1 MPa

micrograph and mean grain size in the

temperature, K time, s
undeformed area most deformed area
723 30
d=30.8 um
673 190

d=14.5 ym

d=20.7 um

justified by the lower contribution of the GBS, that promotes
cavitation at high strain rate levels [11]. Results are also in
agreement with Carpenter et al. who proposed that reducing
GBS creep determines a reduction of the cavitation rate [23].
An increase of cavitation was also found by Figueiredo and
Langdon in an AZ31 Mg alloy processed by severe plastic
deformation [24].

From these results, although the achieved final mean grain
size is larger than the one achieved at lower temperatures,
723 K was chosen as the optimal working condition, since it
allows not only to speed up the forming process but also to
avoid, or at least to hinder, the cavitation phenomenon.

3.3 Calculation of strain rates in free inflation tests

The specimens formed setting the gas pressure to 1.00 MPa at
both 673 and at 723 K, even if characterised by slightly dif-
ferent values of the dome height to failure (see Table 2), were
characterised by a similar final thickness value at the dome
apex: 0.17 and 0.18 mm, respectively. These correspond to an

equivalent strain of about 1.4 or to an equivalent elongation to
failure of 300 %. Although the strain value at the dome apex is
similar, these specimens are characterised by quite different
mean grain size values in the most deformed area (see
Table 3). This can be attributed to the resulting different values
of the strain rate experienced by the material, calculated con-
sidering the forming times at the different temperatures. It is
consistent with the results by Rabinovich and Trifonov who
reported an increase, during superplastic deformation, of the
grain growth rate when increasing the strain rate [25]. In the
present work, the final equivalent strain at the dome apex (in
which the material experiences a balanced biaxial strain state)
was experimentally measured as the natural logarithm of the
ratio between the initial and the final value of the thickness
(about 1.4). The approximate mean strain rate value can be
roughly considered inversely proportional to the forming
time; in particular, considering the specimens deformed using
a gas pressure of 1.00 MPa at both 673 and 723 K, they
reached a strain of approximately 1.4 in 190 and 30 s, respec-
tively (see Table 2); the related mean strain rate at the lowest
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Fig. 6 Numerical and experimental a dome height evolutions and b numerical strain rate evolution on the dome apex in free inflation tests at 723 K for

three different pressure levels

temperature is thus about a sixth of the strain rate in the spec-
imen formed at 723 K setting the gas pressure to the same
level.

In Fig. 6a, the dome height versus time profiles are reported
for three different pressure levels. It is thus possible to com-
pare the numerical and experimental results at 723 K and to
show the equivalent strain rate evolution during the tests con-
ducted at the following (constant) pressure levels: 0.75, 1.00
and 1.25 MPa.

The numerical model reasonably describes the material be-
haviour at different pressure levels. More specifically, it can be
observed that it slightly overestimates the experimental dome
height values obtained setting the gas pressure at the highest
level, while it underestimates the experimental values at the
lowest pressure level (Fig. 6a). These discrepancies can be
attributed to the grain growth model that, as previously
discussed, does not perfectly catch the physical phenomenon.
However, this consideration needs further investigations, and
its justification goes beyond the aim of this work.

In Fig. 6b, the strain rate evolutions determined by different
pressure levels have been reported as predicted by the

Fig. 7 Numerical sheet thickness
(STH) maps (values in meters) at
four different instants of the
forming process

STH

(Avg: 75%)
+7.500e-04
+7.125e-04
+6.750e-04
+6.375e-04
+6.000e-04
+5.625e-04
+5.250e-04
+4.875e-04
+4.500e-04
+4.125e-04
+3.750e-04
+3.375e-04
+3.000e-04
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axisymmetric numerical model. As expected, the strain rate
does not remain constant during the free inflation tests, but it
has similar trends for different pressure values. The numerical
mean strain rate values, calculated using Eq. (1) and according
to the time paths reported in Fig. 6b (being #; equal to the
forming time to failure), were 1.3x10 72, 8.4x10 2 and 2.6
10" s7! for 0.75, 1.00 and 1.25 MPa, respectively.

For the next step of this work, concerning the fast gas
forming process analysis, the optimal value of the strain rate
(at the chosen temperature of 723 K) was set to 8.4x10%s .
The latter corresponds to the forming pressure value
(1.00 MPa) which allowed to obtain in the free inflation tests
the best compromise between formability and forming times.

4 Results and discussion of the closed die forming

4.1 Numerical analysis

Numerical simulations of the closed die forming tests were
carried out setting the temperature of the blank to 723 K.
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a

Most deformed
element

Equivalent

strain

0.9239
0.8475
0.7710
0.6946
0.6181
0.5417
0.4652
0.3888
0.3124
0.2359
0.1595
0.0830

0.0066

Mean grain

size, pm
18.2121
176177
17.0232
16.4287
158343
152398
14.6454
140509
134364
12.8620
122675
116731
110786

Fig. 8 Numerical maps after 60 s with a 2.5 MPa gas pressure of a the equivalent creep strain and b of the mean grain size (1m)

The gas pressure was set to different levels in order to find the
pressure value able to give, in the most deformed area, a mean
strain rate value as close as possible to the optimal one (as
found by free inflation tests). After these preliminary simula-
tions, the attention was focused on three pressure levels: 2.00,
2.50 and 3.00 MPa. In order to understand the way the mate-
rial is deformed during the process, in Fig. 7, the results from
the simulation of the fast gas forming process for a given
pressure of 2.50 MPa are shown in terms of sheet thickness
maps at different time instants.

It can be seen that, at the beginning of the forming process,
the sheet freely expands in the die cavity. Then, the sheet
touches the shallowest part of the die and continues to expand
in the deepest cavity: The region which experiences the largest
thinning moves from the centre of the blank to the centre of
the part that is still expanding. Once the sheet also touches the
bottom surface of the deepest cavity, the most deformed area
moves along the median axis of the cavity. Note that the thin-
ner part of the blank is not located in the centre of the fillet
radius but at its end, close to the flat region of the sheet.

In Fig. 8, results obtained by the numerical simulations of
the fast gas forming process are plotted at the end of the
forming process.

Comparing the strain values (Fig. 8a) and the mean grain
size (Fig. 8b) maps, it can be seen that the dynamic grain
growth is predominant on the static one, since the two maps
are very close to each other: The most deformed areas of the
blank also have the largest predicted mean grain size.
Through the numerical simulations, it could be found
the pressure level able to determine in the most de-
formed region of the blank (Fig. 8a) the mean strain
rate, calculated by Eq. (1), closest to the optimal value
from free inflation tests (8.4x1072 s ).

In Fig. 9, the strain rate versus the strain is plotted for the
three investigated pressure levels. The strain rate of the most
deformed element along the median axis (Fig. 8a) is
characterised by an evolution strictly related to the case study
geometry, as seen also for the strain distribution. In particular,
at the beginning of the forming process, the element is free to
expand in the die cavity, thus the strain rate increases. Once
the sheet touches the die surface of the shallowest part of the

die cavity, also the most critical element experiences a de-
crease of the strain rate even if it is not in contact with the
die surface yet. Then, the strain rate remains almost constant
when the strain further increases, and at the end of the forming
process, it drastically drops due to the contact of this element
with the die surface.

In Table 4, the calculated mean strain rate values are report-
ed. In the calculation, # is the time for the strain in the most
deformed element to reach the value 0.9, which corresponds
to an almost complete die filling.

It can be noted that the pressure level able to determine in
the most deformed element a mean strain rate closest to the
optimal value (8.4x 1072 s~ 'from the material characterisation
by free inflation tests) is 2.50 MPa.

4.2 Experimental forming tests

Using results from both the material characterisation and the
numerical simulations, fast gas forming tests were conducted
at 723 K with a constant pressure of 2.5 MPa; tests were
interrupted at different forming times in order to investigate
the process evolution. In Fig. 10, the results obtained by the
fast gas forming tests are reported in terms of fillet radius
values in the most deformed area of the case study after a

3.0E-01
-e-2.0 MPa
2.5E-01 +2.5MPa
< 2.0E-01 ~+-3.0 MPa
g
& 1.5E-01
.
<
£ 1.0E-01 .
q '\‘\“'.:'A_‘
5.0E-02 L
!o kN
.y *y
0.0E+00 L L L L L 1%e, L
0.0 0.2 0.4 0.6 0.8 1.0

strain

Fig. 9 Strain rate in the most deformed element at different pressure
levels plotted versus the strain value in the same element
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Table 4 Time and strain rate values of closed die forming simulations
at different forming pressures

Time to reach a
strain value 0f 0.9, s

Forming gas
pressure, MPa

Mean equivalent
strain rate, 1/s

2.00 22.0 3.90x1072
2.50 10.0 8.67x1072
3.00 75 1.17x107"

specified forming time; in the same graph, also the correspon-
dent numerical values predicted by the FE model have been
plotted.

A good agreement between the numerical results and the
experimental ones is found. As expected, the fillet radius
values decrease according to the forming time and a minimum
value of about 2 mm was measured, thus confirming the high
formability of the material at 723 K. It can be also seen that the
fillet radius value rapidly decreases at the beginning of the
forming process and much longer forming times are needed
to achieve significantly lower values. As confirmed by the
numerical simulation, the sheet touches the die in few sec-
onds, and then, since the pressure remains constant for the
whole test, the sheet slowly fills the die cavity (Fig. 11).

Since the die is filled by the deforming blank almost in the
very first part of the process (after 10 s the die is almost filled)
and, hereafter, the strain rate drops down to very low values, a
further strong reduction of forming time can be achieved by
calculating and using a pressure profile, instead of a constant
value, able to keep the strain rate close to its optimal value.
This approach is currently under investigation.

In Fig. 12, the numerical thickness distribution along the
median axis of the sheet is reported together with experimental
measurements.

From Fig. 12, it can be seen that experimental results are
very close to numerical predictions: Errors in the thickness
predictions are below the 9.4 %.

i~ RI1

= Exp. R1

--- Num. R1

radius, mm

0 C I I
0 50 100 150
forming time, s

Fig. 10 Experimental and numerical fillet radius values at 723 K under a
constant pressure of 2.5 MPa at different forming times

@ Springer

Fig. 11 Sectioned specimens formed at 723 K with 2.5 MPa forming
pressure at various forming time values

In Fig. 13, the microstructure of the alloy in the most crit-
ical area of the blank after a forming time of 60 s at 723 K is
reported.

In the most critical area, the measured mean grain size
value after 60 s at 723 K is 13.2+5.3 um. As seen by the
numerical simulations, in this area, the equivalent strain
reaches approximately the value of 0.92 and a not negligible
dynamic grain growth is expected. The measured mean grain
size at the end of the forming process, which is very close to
the one in the as-received condition, indicates that the
recrystallisation phenomenon (mainly dynamic since the ma-
terial was purchased in the annealed condition) took part dur-
ing the deformation. This is probably the reason why the nu-
merical model (in which only the grain growth was modelled)
does not perfectly match experimental results. As reported by
Fatemi-Varzaneh et al., who explored the behaviour of the
AZ31 Mg alloy in a similar range of temperatures and strain
rates, the dynamic recrystallisation plays an important role and
the percentage of recrystallised grains is strongly dependent
on the temperature, on the strain rate and on the strain [26].
This result confirms that, even at 723 K, a formed component
characterised by a small mean grain size (and thus by good
post-forming characteristics) can be obtained. Since the grain
size prediction of the numerical model shows some discrep-
ancies with the experimental evidence, the FE model should
be improved to better catch the material behaviour. More spe-
cifically, the recrystallisation phenomenon should be taken

thickness, mm

—Num. 60s@723 K

o Exp. 60s@723 K

02 T S S S S S .
0 50 100 150 200
true distance, mm

Fig. 12 Numerical and experimental thickness along the median axis of

the formed sheet at 723 K with a gas pressure of 2.50 MPa
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Fig. 13 Microstructure of the
formed sheet in the most critical
area after 60 s at 723 K (forming
pressure 2.5 MPa)

into account as well as the static and dynamic grain growth for
the specific Mg alloy.

A not significant presence of cavities was found in the
formed specimen. This is in accordance with the results of
the characterisation by free inflation tests. As also stated by
Lee and Huang, the cavity volume fraction increases more
than linearly with the strain and it follows an approximately
exponential law with the strain, especially for low strain rate
values [11]. Considering that, during the free inflation tests,
the alloy reaches a strain of about 1.4 (see Sect. 3.3), a relative
small quantity of cavities at 673 K should also be expected in
the closed die fast gas forming tests due to the lower strain
value experienced by the blank (the equivalent strain value in
the most critical area of the blank is about 0.9, far below the
maximum equivalent strain that the material achieved in free
inflation tests). This statement should be experimentally veri-
fied also considering that at 673 K, the forming time would be
much higher than the one found at 723 K and estimating the
effective saving in terms of the energy costs.

An additional aspect which should be taken into account is
the final surface roughness. In fact, it can be, especially in
aesthetic applications, as important as post-forming mechani-
cal properties. Increasing the temperature strongly reduces the
forming time, but a worse surface finishing is probably
achieved due to the higher temperature level. This aspect
needs further investigations focusing the attention on the sur-
face quality, thus considering the roughness of the component
surfaces as an output value of the forming process.

5 Conclusions

In this work, both inflation tests and closed die forming tests
were carried out on an AZ31 magnesium alloy, being the main
aim to explore the fast gas forming process potentialities.
Through the analysis of experimental and numerical results,
the following conclusions can be drawn:

—  When operating at high pressure levels, a process window
characterised by a good formability together with short
forming times can be found at both 673 and 723 K;

— Even if the alloy is prone to a strong static grain growth,
the dynamic growth is predominant due to the short
forming times;

—  In the process window characterised by a good formabil-
ity and short forming times, the cavitation phenomenon

can be hindered operating at 723 K and at higher strain
rates;

—  Very small fillet radius values (2 mm) can be achieved
after a forming time of 60 s;

—  The operating temperature of 723 K represents a valuable
compromise between forming times, microstructure and
formability: Due to the short forming times, a formed
component with small mean grain size can be obtained
even at a temperature level in which the static growth is
severe (723 K) for the AZ31 Mg alloy.
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