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Abstract. Effect of strain rate on grain refinement was studied in multidirectional forging
(MDF) of a coarse-grained 7475 Al alloy at 490°C under strain rates of 3 x 10* s and 3 x 1072 5™,
At a strain rate of 3 x 10™ s, the stress — strain (o -£) behavior shows significant work softening
just after yielding and a steady-state flow at higher strains. The structural changes are characterized
by development of deformation bands at early stages of deformation, followed by formation of a
fine-grain structure in high strain in the whole material. The volume fraction of new grains
increases with strain and approaches a value of about 0.85 over a strain of 3. At a higher strain rate
of 3 x 107 s, in contrast, a steady-state flow following small flow softening appears at a relatively
low strain. New grains are formed during steady state flow along original grain boundaries and the
volume fraction reaches below 0.2 even at a strain of 6.3. The occurrence conditions and the
mechanisms of grain refinement are discussed in detail.

Introduction

Metallic materials with fine-grained microstructures have many advantages of the chemical,
physical and mechanical properties [1]. At present time, several methods available for producing of
bulk materials composed of a fine-grained structure are based mostly on severely large plastic
deformation [1,2]. One of them is multidirectional forging (MDF), which is the easiest method
without any specific device and has a great potentiality for producing of relatively large workpiece
that can be used in mass production. The principle of MDF is compression process repeated with
change in the direction of the applied strain (i.e. x - y — z — x ...) at each step. Since a
workpiece does not change its shape under MDF conditions, large plastic strain can be introduced
into material during repeated compression at ambient to elevated temperatures. It has been shown
recently [3-7] that such strain accumulation accompanied with various strain paths is very important
for development of equiaxial fine grains, i.e. grain refinement. At the same time, grain refinement
during MDF can be controlled not only by total strain accumulated and strain per each pass, but also
strain rate and temperature. There are, however, a few experimental data on the latter’s effect under
MDF conditions.

The main aim of the present work was to study effect of applied strain rate on fine-grained
structure formation in a coarse-grained 7475 Al alloy during hot MDF. The mechanisms of hot
deformation, microstructural development during MDF and their interrelationship are discussed.



Experimental Procedures

The material tested was an as-cast 0.16%Zr-modified 7475 Al alloy with the following chemical
composition (in mass pct): 6.04Zn, 2.46Mg, 1.77Cu, 0.23Cr, 0.16Zr, 0.03S1, 0.04Fe, 0.03Mn and
the balance Al. The initial microstructure was composed of dendritic lamellar grains lying parallel
to the ingot axis. The boundaries of lamellar grains were rather straight and/or corrugated
repeatedly. The average grain size was in the range from 1 to 10 mm in longitudinal direction and
from 100 to 200 um in transverse direction [8]. Rectangular samples with the starting ratio of 1.8 :
1.7 : 1 were machined from the ingot for the MDF tests for a strain pass of 0.7. MDF was carried
out in vacuum at 7 = 490°C and at true strain rates of 3 x 10™ s and 3 x 102 s with change in
loading direction of 90° from pass to pass. The metallographic analysis was carried out on a section
parallel to the last compression axis by using optical microscopy after etching by a standard Dicks-
Keller etchant. Scanning electron microscope (SEM) backscattering images were obtained using a
Hitachi-3500A SEM with orientation imaging microscopy (OIM) OIM™ software provided by
TexSem Lab., Inc. Surface observations were carried out by using a Hitachi-3500A SEM.

Results
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Microstructural Development

Typical microstructures evolved at a cumulative strain of 6.3 are represented in Fig. 2. The
regions that appear dark in color are composed of new fine grains evolved during hot MDF. It is
clearly seen in Fig. 2(a) that MDF at 3 x 10" s leads to a fine-grained structure formation
accompanied with some remained original grains. The volume fraction of new grains with the
average size of about 7.5 um was about 0.85. During MDF at a strain rate of 3 x 102 s, in contrast,
new grains with the average size of about 5.5 um are formed mainly along original grain boundaries
(Fig. 2(b)). The fraction of fine grains reaches a value below 0.2, which is significantly smaller than
that for MDF at 3 x 10™* s, It can be concluded from Fig. 2 that increase in strain rate leads to slow
down the kinetics of new grain formation during MDF.







4(a) that new boundaries with moderate angle misorientations, i.e. ® > 8°, are developed in original
grain interiors. The crystal orientation is frequently changed in the regions fragmented by such
boundaries. The latters correspond to those of microshear or deformation bands, as discussed in
detail elsewhere [4.7]. Development of such deformation bands can be resulted from highly
heterogeneous deformation taking place in coarse grain interiors, as discussed below in more details.
In contrast, development of deformation bands did not observe in original grain interiors during
MDF at 3 x 107 s (Fig. 3(b)). It is seen in Fig. 4(b) that 4@ does not exceed 4° in original grain
interiors. These boundaries evolved correspond to those of conventional subgrains developed.

Discussion

The present study shows that (i) grain refinement takes place in the as-cast 7475 Al alloy with
coarse lamellar grains during hot MDF especially at lower strain rates; (i) microstructural
development depends sensitively on strain rate applied, i.e. an increase in strain rate tends to slow
down the kinetics of new grain formation. Let us discuss the reason why the kinetics of grain
formation becomes faster at lower strain rate, i.e. 3 x 10 s™".

It has been suggested in previous work [9]
that different deformation mechanisms operate
1 (a) during uniaxial compression of present 7475 Al
alloy at 490°C. The peak and steady state flow
stresses, G, and Gy, are plotted at strain rates
tested by MDF in Fig. 5. The data obtained by
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Fig. 4 Point-to-point misorientation (A& )
developed in original grain interiors during
MDF of 7475 Al alloy deformed to a
cumulative strain of 2.1 at strain rates of (a)
3x 10*s" and (b) 3 x 107 s, They were
measured along the lines 77 and 75 indicated
in Figs. 3(a) and 3(b), respectively.
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Fig. 5 The peak and steady state flow stresses,
c, and o, are plotted at strain rates tested by
MDF at 490°C. The data for uniaxial
compression [9] are shown by broken lines for
comparison.






gradients can be introduced only in the regions of initial grain boundaries, leading to development
of new grains.

Summary

Development of new fine grains in a coarse-grained 7475 Al alloy was studied in
multidirectional forging at 7 = 490°C under strain rates of 3 x 10™ s™ and 3 x 107 s™". The main
results are summarized as follow.

1. Increase in strain rate leads to slow down the kinetics of new grain formation during hot
MDF. The volume fraction of new grains saturated in high strain decreases from 0.85 to 0.2
with increase in strain rate from 3 x 10* s to 3 x 102 5™

2. Grain boundary sliding (GBS) takes place heterogencously in unsymmetric lamellar grains at

a strain rate of 3 x 10™ 5™, followed by the formation of deformation bands in initial grain

interiors. MDF promotes the development of deformation bands in various directions and

results in continuous subdivision of coarse grains into misoriented domains, finally leading to
the evolution of new grains in whole area.

Homogeneous slip deformation takes place at a strain rate of 3 x 102 s, where GBS and

formation of deformation bands hardly take place. So fine grains are formed only along

original grain boundaries and scarcely in grain interiors.
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