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Abstract. Magnetorheological Fluids (MRFs) are included in the so called “smart materials”: they
are suspensions of magnetically responsive particles in a liquid carrier, whose rheological behaviour
(e.g., its viscosity) can be changed quickly and reversibly if subjected to a magnetic field. Their
application as forming medium in sheet metal forming processes is gaining interests in the recent
years since the thickness and the strain distribution on the formed part can be affected by properly
changing the properties of the MRF. In order to widely adopt MRFs in such processes, the evaluation
of their rheological behaviour according to the applied magnetic field plays a key role. But there are
still few works in the literature about the most effective way to characterise the MRFs to be used in
sheet metal forming applications.

In this work, the rheological behaviour of a MRF is carried out by means of an inverse analysis
approach using data from bulge tests performed using an MRF as forming medium. Bulge tests were
conducted on sheets having known properties using an equipment with a solenoid to generate the
magnetic field, which was specifically designed and manufactured. Pressure rate and magnetic flux
density were varied according to a Design of Experiments (DoE) while the strain experienced by the
sheet material was acquired by means of a Digital Image Correlation (DIC) system in order to
compare it with the numerical one. In particular, the fitting between numerical and experimental data
was obtained by changing the MRF’s rheological properties using an inverse analysis technique. The
proposed methodology allows to evaluate the MRF behaviour at different levels of both magnetic
field and pressure rate, which are determinant for the FE simulation of sheet metal forming processes.

Introduction

With the aim of reducing energy consumption, nowadays the development of lightweight
components - i.e. replacing conventional metallic materials with lighter alloys - is a great challenge
in several sectors, such as automotive and aerospace fields [1, 2]. Thus, flexible forming technologies
that allow to obtain complex shapes from lightweight alloys are needed. In the recent years, among
other flexible forming processes (such as SuperPlastic Forming [3, 4], Incremental Forming [5, 6]
and Hydroforming [7, 8]), Magnetorheological Pressure Forming (MRPF) is gaining interest since
the thickness and the strain distribution on the formed part can be affected by properly changing the
properties of the forming medium [9, 10]. In the case of MRPF, the forming medium is a
magnetorheological Fluid (MRF). This kind of fluids are included in the so called “smart materials:
they are based on a suspension of magnetically responsive particles in a liquid carrier, whose
rheological behaviour (e.g., its viscosity) can be changed quickly and reversibly if subjected to a
magnetic field [11]. Currently, MRFs are widely used in the automotive field for brakes [12] and
clutches [13], in the biomedical field for prostheses [14] and for these applications there are already
available constitutive models which are able to describe the field-dependent MRF characteristics
(shear stress vs. shear rate) [15]. As for their applications within the manufacturing processes, they
are used for finishing [16] and sheet metal forming operations [17, 18]. However, there are still few
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studies in literature about the most effective way to characterise the MRFs when used for sheet metal
forming applications: Wang et al. [19] used a combination of extrusion tests and FEM simulations to
characterize a kind of MRF, in order to apply the obtained characterization to the simulation of bulge
tests using MRF as forming medium.

In this work, the rheological behaviour of a MRF is carried out by means of an inverse analysis
approach using data from bulge tests performed using an MRF as forming medium. Bulge tests were
conducted on Aluminum Alloy sheets (AA5754-H111) having known properties. Numerical
simulations were run reproducing the experimental loading conditions and varying the MRF’s
rheological properties (Young’s Modulus, £ [MPa] and Poisson’s ratio, v) according to an ordered
full factorial plan. The error between numerical and experimental data was used as an output variable
on which interpolant response surfaces were created. The metamodels were then used to carry out a
virtual optimization aimed at calculating the optimal values of the input parameters (£ and v) able to
minimize the error with the experimental data (basically according to an inverse analysis approach).
The calibrated values were then validated on an additional loading condition, showing a good level
of accordance.

Materials and Methodology

Materials. Experimental bulge tests were carried out using circular Aluminum Alloy (5754-H111)
sheets 0.5 mm thick having a diameter of 66 mm, while a hydrocarbon oil-based MR fluid
(MRHCCS4-A, supplied by Liquid Research Limited) with a packing fraction by weight of 70% was
used as forming medium. In Fig. 1 the physical properties and the B-H curve of the MRF are shown,
as well as the aluminum alloy flow curve. The latter was obtained by means of tensile tests, using an
INSTRON 4485 universal testing machine controlled by a Zwick-Roell software, setting a crosshead
speed of 6 mm/min. The experimental data were approximated by the Hollomon’s equation [20],
being the values of the strength coefficient, K and the strain-hardening exponent, n 326.2 MPa and
0.1743 respectively.
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Fig. 1 (a) Physical properties and (b) B-H curve of the MRHCCS4-A; (c) AA5754-H111 Flow
curve obtained from tensile tests.

Experimental bulge tests using MRF. The setup used for the experimental bulge tests is shown
in Fig. 2. First, the cavity was filled with 100 ml of MRF, the blank was placed between the cavity
and the die, then serrated to prevent any blank drawing. The inner diameter of the cavity and fillet
radius of the die are 50 mm and 8 mm, respectively. The pressurized oil was introduced into the
double-acting cylinder (connected to the punch), the MRF was squeezed, and, in turn, it transferred
the loading pressure to the sheet. During the test, the oil pressure was controlled by a proportional
valve connected to a hydraulic power unit and acquired by a pressure sensor, while the punch
displacement was acquired by a linear digital scale. A solenoid combined with a DC power supply
was used to generate a maximum magnetic flux density of 3.8 mT, using an input current of 2.6 A.
After each test, the full-field distribution of strains was acquired by means of a Digital Image
Correlation (DIC) system (ARAMIS, GOM), whereas the dome height was acquired by means of a
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height gauge. A three-level full factorial design with two factors was considered as experimental plan.
In particular, the oil pressure rate (0.5 — 2 —5 [bar/s]) and the applied magnetic flux density (0 — 1.8 —
3.8 [mT]) were considered as input parameters. Once the pressure reached 250 bar, it was held for
40 seconds and then the test was stopped. Among the tests, the ones characterized by a pressure rate
of 0.5 [bar/s] and 5 [bar/s] were used for the inverse analysis procedure, whereas the loading
conditions characterized by a pressure rate of 2 [bar/s] were used to validate the results of the inverse
analysis.

Die
MRF
Punch
Cavity
Solenoid

Double-acting cylinder
Digital linear scale

Pressure sensor

P
Fig. 2 Equipment for the bulge tests using MRF as forming medium.

FE model for bulge tests. Bulge tests were simulated using the commercial software
ABAQUS/Explicit. To reduce the computational cost, an axisymmetric FE model was used; it is
shown in Fig. 3. The sheet and the MR Fluid were modelled as deformable bodies: the former was
meshed with 250 elements, whereas the latter with 2550 and progressively reducing the average size
of the element in the proximity of the contact with the blank. Moreover, in order to avoid excessive
distortions of the MRF elements, an adaptive mesh with a frequency of 10 increments with 5
remeshing sweeps per increment was set. No damage criterion was implemented to determine
material failure. At first, the loading conditions regarding the two pressure rates of 0.5 and 5 [bar/s]
were simulated.

Sheet
Die

Cavity

Punch
Fig. 3 Scheme of the FE model.

Simulations were performed assigning to the punch both the speed and the test duration resulting
from the experimental tests. Values of the Young Modulus, £ [MPa] and Poisson’s ratio, v were
varied according to a full factorial DoE with 3 levels (1- 5 -15 [MPa] and 0.35 — 0.4 — 0.49 for E and
v respectively). The final values of dome height and major strain were collected as numerical outputs
to be compared with the experimental ones.
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Inverse analysis methodology. The inverse analysis approach was treated as an optimization
problem, being the final aim the minimization of an error function that quantifies the discrepancy
between the numerical data and the experimental ones. The proposed methodology, schematically
depicted in Fig. 4, was applied to calibrate the rheological parameters in each of the investigated
levels of the magnetic flux density (as described in the previous section).
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Fig. 4 Methodology for the inverse analysis.

Results from numerical simulations were collected in terms of final h and ¢ that were, in turn, used
to calculate the error with the experimental data (strains from ARAMIS and dome height from the
gauge) according to Eq. 1 and Eq. 2.

Erry— Texp—Psim (1)
hexp

Erre = EexpTEsim ()
Eexp

Response Surfaces (RS) were created on the two error parameters by choosing the most accurate
interpolating algorithm among the five Radial Basis Functions available within the integration
platform modeFRONTIER. The constructed RS were then used as starting point for a virtual
optimization: each error variable was then linked to a minimizing objective function. The
optimization round, managed by a multi-objective genetic algorithm (MOGA-II), was based on 1000
successive generations, each composed of 9 individuals (as the initial DoE). At the end of the
optimization round, optimal designs could be eventually evaluated: those designs were characterized
by the optimal values of the defined input parameters (E and v) able to minimize the error with the
experimental data. The optimization round was repeated for all the investigated magnetic flux
densities and pressure rates. After the optimization procedure, an additional set of simulation for the
intermediate value of pressure rate (2 [bar/s]) was performed with the optimal values of E and v
resulting from the inverse analysis approach, in order to validate the methodology.

Results and Discussion

Experimental bulge tests results. In Fig. 5, the main results coming from the experimental bulge
tests using MRF as forming medium are summarized. It can be noticed that, for all the magnetic flux
density conditions, higher values of dome height and major strain could be reached when increasing
the pressure rate (Fig. 5a, b).
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Fig. 5 (a) Major Strain at the dome and (b) Dome height reached during bulge tests according to the
imposed pressure rate and applied magnetic field; (¢) MR Fluid MRHCCS4-A without magnetic
field; (d) MR Fluid MRHCCS4-A when a Magnetic flux density, B=1.8 mT is applied;

(d) MR Fluid MRHCCS4-A when a Magnetic flux density, B= 3.8 mT is applied.

On the other hand, concerning the different applied magnetic field values, when applying 3.8 mT, an
improvement in major strain and dome height values could be noticed; on the other hand, a less
evident difference could be noticed if the flux density was increased from 0 mT to 1.8 mT. These
results suggest that changes in the MR Fluid rheological behaviour occurred when a magnetic field
higher than 1.8 mT was applied. This was confirmed by the macroscopic analysis of the MR Fluid
according to the magnetic field (Fig. 5c, d, e): only in the case of 3.18 mT a significant change in the
texture can be noticed.

Results of FE simulation plan of bulge tests. Table 1 shows a summary of the values of the dome
height (h) and major strain at the dome (¢), resulting from the simulation plan, in the case of a pressure
rate of 0.5 bar/s and 5 bar/s. It is worth mentioning that there were specific combinations of the input
parameters that led to higher value of the monitored output variables. Nevertheless, all the data were
listed in the table. It can be also noticed that the selected range of E and v allowed to obtain values of
h from 0.73 to 38.21 mm and values of ¢ in the range 0.025 — 280 %, thus including also obtained
experimental values (summarized in Fig. 5).

Table 1 Dome height, h [mm] and Major Strain at the dome, € [%] resulting from the simulation

plan.
Prate=0.5 bar/s Prate =5 bar/s

E [MPa] v h [mm] € [%] h [mm] € [%]
1 0.35 0.73 0.01 0.76 0.025
1 0.4 0.89 0.05 0.92 0.056
1 0.49 33 1.3 344 1.5
5 0.35 1.73 0.3 1.8 0.34
5 0.4 2.19 0.5 2.28 0.58
5 0.49 8.97 13.97 9.7 16.72
15 0.35 33 1.31 3.44 1.56
15 04 4.2 2.48 441 2.68
15 0.49 36.29 268 38.21 280
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Investigation about the prediction of E and v resulting from the inverse analysis. The adopted
inverse analysis procedure, which combined the results from a subset of the experimental data with
the numerical results of the simulation plan, allowed to obtain the optimal values of E and v for two
investigated conditions in terms of magnetic flux density (0 mT and 3.8 mT). It can be noticed that,
as summarized in Fig. 6b, values of E varied from 5.81 MPa (in absence of magnetic field and for the
lowest pressure rate) to 7 MPa (for the highest values of both magnetic field pressure rate). In
addition, the results from the optimization suggested that the Poisson’s ratio could be considered as
a constant value regardless of the applied magnetic field and pressure rate values. Moreover, from
Fig. 6a it can be also noticed that Young’s Modulus is mainly influenced by the applied magnetic
field density (in accordance with the work by Liu et al.[21]), whereas it slightly increases according
to the pressure rate.
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Fig. 6 (a) Trend of Young’s Modulus, E [MPa] according to pressure rate, prae [bar/s] resulting
from the inverse analysis procedure; (b) summary of values of E and v after the the inverse analysis
procedure for p,.e= 0.5 [bar/s] and p,ue= 5 [bar/s]; E and v prediction for prae= 2 [bar/s].

In order to validate the methodology, the experimental loading conditions at pressure rate equal to
2 [bar/s] were simulated: a constant value of v=0.49 was used for the validation, whereas the values
of the Young’s Modulus were linearly extrapolated as shown in Fig. 6a. Fig. 7 reports a general
overview of the results, combining those coming from the inverse analysis (at the magnetic flux
densities of 0 mT and 3.8 mT) with those coming from the numerical simulations run for validation
purposes.
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Fig. 7 Experimental vs. numerical results of the validation of the procedure (prate=2 bar/s).
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The discrepancy reported in Fig. 7 were equal to 0.07 (0 mT), 0.069 (1.8 mT) and 0.041 (3.8 mT)
regarding the final dome height; as for the final major strain, the errors were equal to 0.12 (0 mT),
0.076 (1.8 mT) and 0.21 (3.8 mT).

Conclusions

In the present work, the rheological behaviour of a MRF was analysed by means of an inverse analysis
approach using data from bulge tests performed using the investigated MRF as forming medium.
Experimental results showed that both increasing pressure rates and magnetic field values, higher
dome heights and strain levels can be reached, thus suggesting a change in the MRF rheological
behaviour.

The inverse analysis approach, based on the construction of accurate RS, showed good
potentialities since it provided optimal values of the defined input parameters that resulted to be
effectively descriptive of the MRF behaviour. Moreover, the definition of a virtual optimization made
possible the investigation of several potential optimal designs requiring very limited computational
costs. Results from the adopted inverse analysis procedure showed that the rheological behaviour of
the MRF is affected by the applied pressure rate and the surrounding magnetic field mainly in terms
of the Young’s Modulus value, whereas the Poisson’s ratio could be considered as a constant value
regardless of the operative conditions. Future works will be focused not only on the investigation of
more levels of both magnetic field and pressure rates, but also on more refined constitutive equations
to further improve the prediction capabilities of the proposed methodology.
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