VIII International Conference on Computational Plasticity
COMPLASVIII

E. Oriate and D. R. J. Owen (Eds)

© CIMNE, Barcelona, 2005

EMPIRICAL MODEL FOR TIME EVOLUTION THERMAL-
DEPENDING PROPERTIES OF ALUMINIUM ALLOYS

J. Lluma and J.A. Benito

Departament de Ciénciade Materialsi Enginyeria Metal-largica, EUETIB,
Universitat Politécnica de Catalunya
Comte d’ Urgell 187, 08036 Barcelona, Spain
e-mail: jordi.lluma@upc.edu

Key words: Computational plasticity, Time dependence, Scaling, Aluminium, Heat
treatments.

Summary. In many forming processes the evolution of the material properties evolves with
time and changes as temperature varies, forcing the use of a time-dependent
thermomechanical computational model to simulate them. If the property under study could
be described as a collectivity of microentities jumping over a certain distribution of energy
barriers from one metastable state to another, then the whole behaviour of the material
property follows a T-Ln(t/ ) scaling. The use of T-Ln(t/z%) as an integration variable could be
employed to simplify the computational procedure. Also this scaling description allows one to
extrapolate the time evolution behaviour at times (or speeds) that are experimentally
completely inaccessible. From this scaling it is also possible to determine the attempt period
7, needed by the computational model. All the properties described by the Arrhenius Law
could be scaled by this method. In the present work, for instance, the T-Ln(t/z) scalings are
found for hardness and grain size of a 5,657 aluminium alloy with several annealing
treatments.

1 INTRODUCTION

Thereis abroad variety of physical systems that show a time-dependent behaviour of some
of their physical properties because of the existence of energy barriers, which separate local
minima corresponding to different equilibrium states of the system. In recent decades
considerable effort has been devoted to understanding the relaxation phenomena in systems
with different degrees of disorder, such as: spin glasses[1][2] where the distribution of energy
barriers is due to the frustration of the competing magnetic interactions amongst the
individual spins; high temperature superconductors [3][4] in which vortices are submitted to
pinning by defects and dislocations, and where the application of a magnetic field creates
metastable states in the vortex lattice; small magnetic particle systems [5][6]with a volume
distribution and random orientation of easy axes, which show blocking phenomena depending
on the experimental time windows, and, thin films, magnetic domain walls [7] and other
magnetic materials for which the existence of energy barriers is a consequence of the
competition between anisotropy and exchange energies. The search of a scaling hypothesis
that allows one to bring all the relaxation data, obtained at different temperatures, in a unique
master curve make possible to cover a large number of time decades, since in al thermally
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activated problems, any change in the temperature of the system corresponds to a change in
the time scale of the relaxation.

The simplest guess for the scaling law of a relaxing system governed by thermally
activated processes is the so called T-Ln(t/tg) master curve [8]. In this work, we want to
discuss the validity of the T-Ln(t/to) scaling law for the study of the time evolution of some of
the mechanical properties of 5,657 aluminium alloys.

2 RELAXATION CURVES

The variation of a property for the assembly of weak (or non) interacting entities with a
distribution of energy barriers f(E), which are overcomed by thermal fluctuations, according
to the Arrhenius Law, isgiven by [5]:

AP(t) = AP? -TdE- p(t,E)- f (E) ()

where P is the property under study, 4P,” is the total variation of the property between the
initial and the equilibrium state, E is the energy barrier height and the function p(t,E) is given,
according to Neel’ stheory [9], by:

I =) @

where 7, is the attempting characteristic time and kg the Boltzmann constant.

Taking into account that p(t,E), for agiven timet varies abruptly from 0 to 1, as the energy
barrier E increases, is usual to simplify it by a step function with the discontinuity in Ec(t), the
inflexion point of p(t,E), i.e.

Ec(t)=kg T-Ln(t/ 7o) 3
Then, equation (1) could be rewritten as follows:

AP(t) = AP? - TdE f(E) 4

E:(t)

where the only parameter of the evolution is the scaling variable T-Ln(t/ z).

The validity of the scaling is determined by de validity of the step approximation, which is
acceptable as long as the width of p(t,E) is small compared to the width of the energy barrier
distribution, f(E)[8]. This assumption is usually certain when the time evolution of the system
is clear under experimental conditions.

3 EXPERIMENTAL RESULTS

Several samples of 2x5 cm were cut from a 0.90 mm-thick sheet of 5657H25 aluminium
aloy and annealed at temperatures from 180 °C up to 400 °C for atime period ranging from
5min. to 55.2 h.
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A piece of original sheet was cold laminated up to 0.33 mm (additional 63% of cold work),
then several samples of 2x5 cm were cut and annealed at temperatures from 180 °C up to
400 °C for atime period ranging from 5 min. to 12.6 days.

The measurements of each annealing was plotted versus T-Ln(t/ zy), selecting a trial value
for % (typically 10® s). Choosing 7 value one could lead to al the curves bringing in one
master curve only. The selected value is the right one for the attempting period (%) of the

current measured property.

3.1 Hardness

Nine Vickers indentations
HVO0.5 (ISO 6507-1) were carried
out in al the samples and the
average vaue taken as the
hardness value.

As received and laminated,
samples converge in their master
curve when 1o =310 s. Results
and fitted curves are shown in
Figure 1.

The fact that laminated and as
received material have the same
attempting period, implies that the
same microentities are involved in
the time-evolution of the hardness,
and the more provable ones are
didlocations.

3.2 Grain size

Some selected samples of
laminated aluminium were
prepared for microscopic
measurement of their grain size
under polarized light [10]. The
grain size was measured in
lamination and perpendicular
direction following the Heyn
method (UNE 7-280-72).

The grain size in lamination
and perpendicular  directions
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Figure 1: Hardness versus T-Ln(t/to) for 10=3-10" s
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Figure 2: Grain size versus T-Ln(t/to) for 10=3-10"° s

converge in their master curve when 1o =3-10"° s. Results and eye guidelines are shown in

Figure 2.

The value of tois compatible with the fact that atoms are the microentities involved in the
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grain growth, by diffusion through the grain wall.

4 CONCLUSIONS

- The T-Ln(t/z) scaling could reduce the cost of mechanical characterization of
materials by the reduction of experimental points required to be measured.

- The T-Ln(t/n) scaling could reduce the computational effort of simulations by the
reduction of variablesinvolved in calculus of mechanical properties.

- The T-Ln(t/7) scaling could extrapolate results to time (or speed) experimentally
unreachable, by a single change in the temperature of the experimental device.

- The T-Ln(t/n) scaling could properly describe the evolution of hardness and grain
size of 5,657 aluminium alloy in several annealing treatments.
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