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Severe plastic deformation (SPD) of metals leads to their strengthening and grain refinement,
but to low uniform elongations. Low Strain Amplitude Multi Directional Forging (LSA-MDF) is
an important method for increasing this low uniform elongation. The application of workpieces of
SPD-processed materials requires that their distributions of mechanical properties, microstructures
and deformation be as homogeneous as possible. Analyses of these distributions after LSA-MDF have
not been found in the literature, and are presented in the current investigation utilizing microhardness
measurements, optical and electronic microscopy and finite element simulations. LSA-MDF causes
higher strains, mcrohardeness and structural distortions in the central regions of the specimens than
at their edges and corners. In addition, LSA-MDF utilizing confined compressions seems to be the
preferred processing route, due to its ease and to the more homogeneous microhardness, microstructure
and strain distributions in relation to other experimental procedures.
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Distribution of strain and microhardness.

1. Introduction

Severe Plastic Deformation (SPD) greatly refines grains
of metals', leading to a remarkable strengthening and to the
possibility of achieving high strain rate superplasticity?. Grain
refinement is also important in the die filling and surface
characteristics of micro-formed parts’, which have been gaining
importance due to the growing needs for miniaturization of
components*. The most utilized SPD processing techniques
are Equal-Channel Angular Pressing (ECAP)?, High-Pressure
Torsion (HPT)® and Multi Directional Forging (MDF)’, also
known as Multi Axial Compression® or Multi Axial Forging’.
HPT produces small, thin discs; ECAP can supply bulk
specimens, but involves high friction between the material and
the dies and problems such as plastic instabilities, cracks and
specimen segmentation in the processing of difficult-to-work
materials®. According to Sakai et al.'®, MDF has the following
advantages over other SPD processing techniques: i) possible
application to large (industrial) workpieces ii) allows the
evaluation of the in-situ stress-strain characteristics of the
material during processing iii) its application is simple since
any testing machine or industrial press can be utilized, at
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various temperatures and strain rates and iv) the frequent
changes in straining direction propitiates the formation of
equiaxed structures. MDF is also an adequate processing
route for difficult to work materials''>.

SPD processes have been covered in many studies in
the literature and frequently focus on the evolution of the
material microstructures and mechanical behavior®'"'.
Experimental problems in MDF derive from the specimen
distortions caused by the free sequential compressions'.
As a consequence, the measured in-situ stress-strain curves
display inadequate results'®!7, demanding the re-machining
of the specimens after each compression'® or after a few
compression steps'”; such re-machining is time consuming,
complex and costly?’. One additional problem caused by
distorted specimen faces is the measurement of the imposed
strain, since the specimen displays a varying height?!. It has
also been reported that the distorted shape and surfaces of
MDF specimens are a problem in ultrasonic measurements
in the material’?>. MDF with confined compressions has
been used in order to solve these problems®?, and three
such approaches are found in the literature: (i) confined
channel die pressing, where the material is processed under
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plane strain and flow confinement occurs along one of the
directions orthogonal to the compression direction during
all the compression, but only at the end of the compression
for the other orthogonal directions®**?’, (ii) processing
under conditions very similar to those under CCDP, but with
confinement only along one of the directions orthogonal
to the compression one that establishes the plane strain
(hereafter denominated “open plane strain”)®. The lack
of confinement in the other direction orthogonal to the
compression direction causes distortions in the unconfined
face of the workpiece?, eventually leading to the need of
its flattening through machining®, (iii) Multi-Directional
Confined Forging (MDCF), where the lateral expansion of
the material caused by the compression occurs initially in
a way similar to the free compression, and then is equally
confined in both directions orthogonal to the compression
direction®, leading to flat lateral faces of the specimen
after each compression step. In addition, it should also be
remembered that the strain path under plane strain confined
processing is not the same of that in free MDF or MDCEF, thus
leading to differences in the microstructural and mechanical
properties evolution of the material®.

The understanding of the relationship between the
microstructures and properties of materials and of the
strain distribution in specimens processed through SPD has
progressed appreciably in the last decade®3!. Heterogeneous
strain distributions cause non-uniform microstructures and
mechanical properties at different regions of the processed
material®®, which is undesirable in the production of material
to be used in any given application. The available studies on
strain distributions often utilize two techniques: microhardness
measurements and finite element simulations. The former has
been used for the various SPD processes and their variables;
an example (among many others) is the analysis of ECAP for
various materials, such as pure Aluminum, 6061 Aluminum
alloy and Cu-Zr alloy®>3, covering the influence of the
external die angle®3¢ and the annealing of the material
after 1 ECAP pass®’. Microhardness measurements, for
example, has been used for HPT, covering studies along the
disc diameters of pure Aluminum and Aluminum alloys*-*’,
Zn-22% Al alloys***!, Mg alloys AZ31 and AZ913',
and along the thickness of disks of pure Aluminum?®’#-%,
Microhardness distribution analyses in MDF utilizing
microhardness measurements have been less frequent than
for ECAP and HPT, and have been performed along a line
in the workpiece for open plane strain MDF®, CCDP?*, free
compressions* or over the full specimen cross-section in
open plane strain?®, and CCDP*%, The results report a higher
hardness in the central regions of the workpieces than in
the regions close to their borders, and that hardness in both
regions tend to saturate as high levels of strain are reached.
Investigations involving finite element simulations are not
as common as those performed through microhardness
measurements. Hao Huang and Jing Zhang® report, for
MDF of Mg alloy AZ31 at ~300 °C, ~350 °C e ~400 °C, that
strain homogeneity decreases as the total imposed strain rises.
Guo et al.'? report an opposite result for the same material,
similarly to the report for CCDP by Magalhaes et al.*® for
Copper, where the strain homogeneity increases as the
accumulated strain rises.
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SPD remarkably strengthens materials and refines
their grains, but there is a drastic decrease in the uniform
elongation of the material, caused by its low work hardening
capacity under further deformation®. As a consequence,
these materials do not perform well under processing where
tensile deformations predominate. Recent studies covering
techniques for increasing the work hardening capacity of
materials previously deformed by SPD have emphasized the
application of a few cycles of LSA-MDF'® in commercial
purity Aluminum. LSA-MDF has received very limited
attention in the literature'® and, as far as the authors are
aware of, no results have been presented for the distribution
of hardness, microstructures and strain in the processed
specimens. It should be remarked that, due to the low
strain amplitude in LSA-MDF, its use in order to reach the
high strains typical of SPD processes would involve a very
high number of compressions and thus a low productivity.
The objective of the present study is the evaluation of the
distributions of hardness, microstructures and strain in the
LSA-MDF of commercial purity Aluminum processed under
three conditions: free compressions, free compressions
with specimen re-machining after each compression, and
MDCF. Analyses were performed through microhardness
measurements, finite element simulations and microstructural
analyses employing Optical Microscopy (OM) and Electron
Back Scattered Diffraction (EBSD).

2. Experimental Procedure

The material was a commercially pure Aluminum
(99.77wt% Al, 0.146wt% Fe, 0.060 wt% Si), received in
the as-cast condition; the billet had a diameter of = 150mm
and was ~ 1,500mm long. The material underwent an initial
ECAP pass followed by annealing at 673K for 1h!'7%.

Three types of MDF processing were utilized in the
present research, in order to compare the influence of
the processing on the results: (i) free compression of the
specimens, without any lateral confinement of the material
flow, (ii) free compression of re-machined specimens after each
compression step, in order to obtain flat surfaces to contact the
compression platens in the following compression, according to
a procedure already utilized previously'” and (iii) compression
with confined dies (Multi-Directional Confined Forging,
MDCF), as described elsewhere®. Specimens were
machined out of the annealed material as cuboids with
dimensions 13.00 x 12.52 x 12.06 mm along directions
X, Z and Y of the specimen respectively, for both free and
MDCEF, and with dimensions 15.58 x 15.00 x 14.45 mm for
processing with re-machining of the specimens after each
compression step'’. These larger initial dimensions were
adopted in order to have specimens with approximately
the same dimensions, after the complete processing of the
specimens and along the three adopted MDF routes. For the
case of the re-machined specimens, the successive machining
of the specimen faces decreases the specimen dimensions.
For the free compressions and MDCEF, compressions start
along the specimen axis displaying the longest edge length
(X axis, measuring 13.00 mm) down to 12.06 mm, imposing
a strain of Ae = 0.075. After this first compression, the edge
along the Z direction of the specimen will be 13.00 mm
long, and along the Y direction 12.52 mm long. The new
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longest dimension, along the specimen Z axis, will then be
compressed to 12.06 mm; finally, the edge along the Y axis
will also be compressed from 13.00 mm to 12.06mm. After
this last compression, the specimen will have been subjected
to a total strain € =3 x 0.075 = 0.225 and will have returned
to its initial dimensions along the original X, Z and Y axes,
corresponding to a so-called MDF “cycle”. For the case of
re-machined specimens, compressions also started along the
longest compression and imposed a strain € = 0.075; the second
compression was preceded by the machining of the face to
be compressed and the measurement of the initial height of
the specimen along the normal to this plane, followed by a
compression with € = 0.075 and so on. One and four such
cycles were employed leading to a total accumulated strain
e=0.225 and 0.9, respectively'®%.

Microhardness measurements and microstructural
characterizations were performed on a specimen mid-plane
normal to the X direction and after 1 and 4 MDF cycles,
as illustrated in Figure 1. The sectioned specimens were
mechanically ground down to a grit paper with 400 grains/cm? and
then electrolytically polished at ~ 35V for = 45s with a
solution of 700 ml ethylic alcohol, 120 ml of distilled
water, 100 ml butyl glycol and 68ml perchloric acid,
with a stainless steel cathode. Vickers microhardness
measurements were performed with a Mitutoyo model
MVK-H1 tester, with a load of 2.943N applied for 15 s.
Microhardness mapping involved measurements distributed
on the specimen section, with a distance of 0.5 mm
between the indentations both along directions Y and
Z. In the case of MDCF specimens, where the specimen
cuboid shape is maintained throughout the processing,
the measurements reached a distance of 0.5 mm from
the specimen edge, as described in Figure 1. Free MDF
involves lateral expansion of the specimens and concave
specimen surfaces, and re-machined specimens employ
initially larger specimens than for free MDF and MDCF;
for these cases, microhardness measurements started at
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Figure 1. Specimen section and locations where microhardness
measurements were taken and regions (center, edge and corner)
where microstructural evaluations were performed.

the center of the specimens and the same mesh points
as in MDCF. As a result, the distance of the outermost
measurements from the specimen borders were larger
than 0.5 mm. The results reported in the present report
cover only the area of the mesh displayed in Figure 1.

Microstructural analyses were performed in the specimen
centers, edges and corners, as indicated in Figure 1, for all
processing conditions. Optical Microscopy (OM) utilized a
Leica DM4500 P LED microscope. Electron Back Scattered
Diffraction (EBSD) employed a FEI Scanning Electron
Microscope (SEM) model Quanta FEG 3D and the ATEX
software for the EBSD data analysis. A step size of 810 nm
was used; it was verified that no relevant differences were
detected in the EBSD results when lower step sizes were
employed, for the present objectives. Specimen surface
preparation was the same as that for microhardness
measurements, but OM included an anodizing process after
the mechanical and chemical polishing, using 20V for 360s
and a solution of 4.5ml fluoroboric acid in 200ml distilled
water and a stainless steel cathode. Images were collected
using polarized light.

Computational finite element simulations of the
processing were completed for the three adopted processing
routes, using the commercial DEFORM 3D V11.1 software.
Free compressions without re-machining of the specimen
allowed the gravitational positioning of the specimens
caused by the bulged lateral surfaces to be compressed,
caused by the previous compression. The re-machining
of the specimen was performed numerically through the
minimal elimination of the bulged volume in the face to
be compressed, till a flat face was obtained, normal to
the respective cuboid axis. MDCF and free compression
simulations involved rigid dies. The constitutive behavior
of the material was taken as the envelope of the individual
stress-strain curves for every compression step with
confining dies, already reported by the present authors®.
The material was considered as isotropic and insensitive
to strain rate variations. The coefficient of friction between
the material and the compression dies was taken as 0.4,
which led to a very similar external shapes of the specimens
in the simulation and in the experiments with specimen
re-machining. The element density was 10.11 elements/
mm?, the punch speed was 0.05 mm/s and the punch
displacement per step was 0.047mm/step.

Itis recognized that the simulation results for the specimen
shape, strain and stress distributions are approximate due to
the following points: the constitutive behavior is described by
a monotonically increasing flow stress corresponding to the
envelope of the individual stress stress-strain curves for each
MDCF compression. These display decreased yield strengths
in relation to the corresponding flow stress in the envelope
curve, as well as initial mild stress peaks?*, associated with
the strain path changes as the specimen is rotated. These
phenomena cannot be accounted for in the current state of
finite element simulations. In addition, material anisotropy
is always present due to its crystallographic texture and
was not considered in the simulations. As a consequence,
the distortions in the specimens can be underestimated and
thus their influence on the obtained strain distributions can
be below the experimental ones.
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3. Results

3.1 Specimen shape and microhardness
distributions
Figure 2 exhibits the shapes of the mid-section of the
processed specimens (see Figure 1), as well as the microhardness

distributions on these sections, for the three MDF techniques
in the present investigation and for 1 and 4 MDF cycles. Free
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MDF without specimen re-machining leads to increasingly
rhomboidal specimens, starting from the 1% MDF cycle
(Figure 2a) and more distorted by the successive MDF
cycles, as evidenced in Figure 2b (after the 4" MDF cycle).
MDF with free compressions also led to higher hardness
values along the smaller rhomboid diagonal, again starting
from the 1** MDF cycle (Figure 2a) and enhanced after
the 4" MDF cycle (Figure 2b).

Hardness (HV)
26 28 30 32 34 36 37

(a) 1 Free MDF Cycle

|(b) 4 Free MDF Cycles

(c)

1 Re-machined MDF Cycle

© T MDCF Cycle

Figure 2. HV microhardness distributions for specimens processed for 1 and 4 MDF cycles respectively for (a, b) free MDF, (c, d) free

MDF and re-machined specimens, and (e, f) MDCF.
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The results for processing with re-machined specimens
and with confined compressions (Figure 2¢ — 2f) consistently
reveal that the problems reported above for free compressions
were eliminated. The dimensions of specimens re-machined
after each compression are somewhat different from those for
free compressions and for MDCE, since machining obviously
changes the specimen dimensions. In the present experiments,
the anisotropic lateral expansion of the specimens caused more
material removal by machining normal to the Y direction than
normal to the X and Z directions, in order to flatten the specimen
face to be compressed and thus to a narrower specimen along
the Y direction. This is connected to the crystallographic
textures developed by the initial ECAP + annealing treatment
and by the successive MDF compressions. For 1 MDF cycle
(Figures 2c and 2e) the central regions of the specimens are harder
than those closer to the specimen edges, as already indicated in
the literature®. The MDCF specimen has a lower hardness in

Commercial Purity Al
LSA-MDF
Ae=0.075

the central region than the re-machined specimens, but a more
uniform microhardness distribution. This tendency is eliminated
after the 4™ MDF cycle, but processing with re-machined
specimens leads to a microhardness distribution where the
specimen diagonals display higher hardness than the rest of
the specimen, and an “X” shaped high hardness region can be
observed. This situation was not detected for MDCF processing
(Figure 2e and 2f); in addition, 4 MDCF cycles lead to a larger
harder central region than the other two procedures.

3.2 Microstrutures

3.2.1 Optical microscopy (OM)

Figure 3 displays the OM (Optical Microscopy) images of
the central regions of the specimens (see Figure 1) processed
for 1 and 4 cycles of free MDF, free MDF with re-machined
specimens and MDCF.

(@) 1 Free MDF Cycle
3 7 o ~

3

Figure 3. OM images of the specimen microstructures at the central regions after 1 and 4 MDF cycles respectively for (a, b) free MDF,

(c, d) free MDF and re-machined specimens, and (e, f) MDCEF.
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For the central region and 1 MDF cycle Figure 3a
indicates that little deformation seems to have occurred for
free MDF, since the grains are basically undistorted and
exhibit practically no deformation bands. Re-machined
specimens (Figure 3¢) show some distortions of the grains
and deformation bands, that would be caused by a higher
deformation than in free MDF (Figure 3a). MDCF (Figure 3e)
led to grains with somewhat more distortions and deformation
bands than in the re-machined specimens. The images for
the central region and 4 MDF cycles (Figures 3b, 3d and 3f)
also suggest a similar increase in the deformation as the
different processing routes are adopted, involving more
grain distortions and deformation bands.

The above results for the central region of the specimens
are similar to those observed in the specimen edges and corners
(see Figure 1) especially after 1 MDF cycle. The qualitative
situation after 4 MDCEF cycles is also similar to that in
Figure 3, but the level of grain distortions and intensity of
shear banding in the edge and corner regions is lower than
in the central region. These differences, however, are not
very appreciable.

Commercial Purity Al
LSA-MDF

Ae=0.075
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3.2.2 Electron Microscopy

An electron microscopy analysis was performed in the
annealed material and at the central, edge and corner regions of
a specimen processed after 4 MDCF cycles; these results can
be extended to the other two processing routes, as indicated
by the microhardness and OM studies. Figure 4a corresponds
to the annealed material, Figure 4b to the central specimen
region, Figure 4c to the edge region and Figure 4d to the
corner region. The black lines in the OIM maps correspond
to grain boundaries with misorientation angles above 5° and
allow their easier visualization. The color hues observed in
the deformed materials (Figures 4b, 4c, 4d), correspond to
small differences in the spatial orientation of the various
regions, associated with the formation of substructures in the
material inside the original grains, which are more equiaxed
in the central region (Figure 4b) and more elongated in the
edge and corner areas (Figures 4c and 4d). Some of these
regions with color hues are surrounded by black lines,
indicating a disorientation above 5° in addition, some grains
without internal color hues are also surrounded by black
lines, suggesting the presence of a single grain orientation.

[111]

[001] [1o1]

(@)

4 MDCEF Cycles Central

<L)
i

4 MDCF Cycles Edge
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Figure 4. Orientation Image Mapping (OIM) of the (a) annealed material and after 4 MDCF cycles at the, (b) central, (c) edge and, and

(d) corner specimen regions.
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3.2.3 Numerical simulations

Figure 5 shows the results of the numerical simulations
predictions for the distribution of strain and shape in the
specimen mid-planes for 1 and 4 MDF cycles and for
free MDF, free MDF with re-machined specimens and
MDCEF. The dimensions of the re-machined specimen
after 1 MDF cycle are obviously higher than of the other
specimens, since it will be successively machined till reaching
approximately the same dimensions of the other specimens
after 4 MDF cycles.

For the case of free compressions, the experimental
distortions in the shape of the specimens displayed in
Figures 2a and 2b were not replicated in the simulation results,
probably as consequence of the lack of crystallographic

texture effects in the simulations. In addition, no “X” shaped
deformation pattern (see Figure 2d) was exhibited in any
simulation. A higher strain was observed in the central regions
of all specimens, in accordance with the previous findings
based on microhardness measurements and microstructural
analyses. The simulations also indicate that the central, more
deformed region of the specimens is somewhat larger for
the re-machined specimens than for the free compressions
and MDCEF; this is a consequence of the elimination of the
outermost, less deformed regions of the specimens, due to
their machining. The maximum strain in the central region
of the specimens after 4 MDF cycle is about 1.4, higher than
the applied external strain (0.9) and after 1 MDF cycles is
about 0.26, again higher than the external strain (0.225).

Commercial Purity Al
LSA-MDF
Ae=0.075 Strain ( /mm)
0.00 0.06 0.12 0.18 0.24 0.30 0.53 0.71 0.85 0.98 1.13 1.26 1.4
4 1 ! 1 | | |
(a) 1 Free MDF Cycle (b) 4 Free MDF Cycles

3.00 mm

3.00 mm

(c) 1 Re-machined MDF Cycle

(d) 4 Re-machined MDF Cycles

(e) 1 MDCF Cycle

€3] 4 MDCF Cycles

3.00 mm

3.00 mm

Figure 5. Numerical simulations prediction for the distribution of strain in the specimen mid-planes for 1 and 4 MDF cycles respectively
for (a, b) free MDF, (¢, d) free MDF and re-machined specimens, and (e, f) MDCF.
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4. Discussion

4.1 Specimen shape and microhardness
distributions

The results displayed in Figures 2a and b indicate that free
MDF leads to specimen distortions and to a heterogeneous
strain distribution with higher hardness along the smaller
diagonal of the distorted rhomboid. The literature also
reports that free MDF is conducive to specimen distortions;
Zhu et al.’® show a specimen cross-section exhibiting
even a concave lateral shape. Armstrong et al.' state that
re-machining of specimens was necessary after a few MDF
cycles in order to eliminate the specimen distortions, but
does not show any example of the distortions. Free MDF
of Aluminum seems thus inconvenient as a SPD processing
technique, from the point of view of specimen distortions
and microhardness heterogeneities.

The average hardness values for the situations described
in Figure 2 are 30.7, 31.1 and 31.2 HV after 1 MDF cycle
and 32.2, 33.5 and 33.7 HV after 4 MDF cycles for free
MDYF, free MDF with re-machined specimens and MDCF,
respectively. The hardness of Aluminum 1070 after rotary
swaging up to a deformation of 1, which is above the
present strain of 0.9 for 4 MDF cycles, has been reported
as 35.5 HV; in addition, the initial hardness of this material
is practically identical to that in the present study®'. These
results are consistent with the present ones.

The results displayed in Figure 2c¢ - f show that MDF with
re-machined specimens and MDCF lead to higher hardness
in the central regions of the specimens than at their borders.
In addition, 4 cycles of MDF with re-machined specimens
led to higher hardness along the two specimen diagonals
displaying a “X” shaped harder region; similar results have
already been reported in the literature for the free MDF of
Aluminum" and for the MDF of Titanium processed in a
channel die under open plane strain®.

Microhardness profiles along the Y direction of the
specimens at their Z direction mid-height were extracted
from the microhardness maps data for 1 or 4 MDF cycles
and the three processing routes. For a given distance from
the center of the specimen, the 4 vertical microhardness
measurements vertically around the centerline, spaced
by 0.5 mm (see Figure 1), were considered for their averages
and dispersion bars, similarly to the procedure adopted in the
literature®. The results are displayed in Figures 6a, 6b and 6c,
for free MDF, MDF with re-machined specimens and for
MDCEF, respectively. The horizontal line in these figures
corresponds to the average hardness in the annealed specimen.
The results in Figure 6 confirm that the central part of the
specimens is harder than the regions closer to their borders.
No results were found in the literature for the LSA-MAC of
Aluminum up to the total deformations reported in the present
investigations. On the other hand, the average hardness in
the central and border regions for the Al-4%Cu alloy, after
open plane strain MDF with a strain amplitude of 0.47 and
after 15 compressions (total average deformation 7.05) also
show that the hardness in the central region was also higher
than in the border of the specimen®.

The measurement dispersions, represented in Figure 6 by
the error bars, are often substantially higher for processing

Materials Research

with 1 MDF cycle than for 4 cycles. This is associated with
the shape of the stress-strain curve of the material, which
is typical for FCC metals with high stacking fault energy,
where lower strains are linked to higher work hardening
rates than higher strains. The theoretical average strain in
the specimens after 1 MDF cycle is 0.225 and after 4 MDF
cycles 0.9. Hardness is directly linked to the material flow
stress?; as a consequence, at lower average strains, any local
strain heterogeneities will lead to larger hardness variations
than for higher average strains, as often indicated in the
dispersion bars in Figure 6. A similar situation is reported in
the literature, for microhardness measurements in Al 99.99%
processed by 1 and 4 ECAP passes®.

Commercial Purity Al
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Figure 6. Microhardness measurements along the width of the mid-section
of the processed specimens and at its mid-height, for 1 or 4 MDF
cycles with (a) free MDF, (b) free MDF with re-machined specimens,
and (¢) MDCF (Multi Directional Confined Forging).
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The comparison of Figures 6a and 6b indicates that
free MDF with re-machined specimens (Figure 6b) led to
somewhat higher hardness at the specimen borders than
without such re-machining (Figure 6a). Re-machining
eliminates the specimen lateral bulges caused by their
compression, which are regions less deformed than
the central specimen regions'®. The specimens where
no re-machining was performed thus contain lateral
regions less deformed and thus softer than those in the
re-machined specimens.

MDCEF does not lead to lateral bulges in the specimen,
due to the confinement with the die walls; in contrast
to free MDF and to MDF with re-machined specimen,
some additional straining and work hardening should
thus occur in the lateral faces of the specimens. When the
specimens are rotated, these harder regions cause more
deformation in the central specimen regions than in the
other two processing routes and, as a consequence, to a
greater difference in the hardness curves for 1 and 4 MDF
cycles, as shown in Figure 6¢, in comparison with similar
curves in Figures 6a and 6b, where the difference in strains
caused by 1 or 4 MDF cycle seems to have not caused any
appreciable hardening. Such lack of hardening is similar
to that for 1 and 4 ECAP passes (involving a much higher
applied strains) in high purity Aluminum?. These authors also
report that, after | ECAP pass (average deformation of = 1)
the hardness in the specimen varies from 30 to 45 HV,
which is a higher range of values than that observed in
the present results (from about 26 to 34 HV, for free
compressions). For the average strain levels in the present
investigations, HPT leads to much higher microhardness
heterogeneities than any of the present MDF procedures®.

From the points of view of specimen distortions,
microhardness distributions and ease of processing, MDCF
seems to be the preferable route for LSA-MDF processing.

4.2 Microstructures

The optical and electron microscopy results displayed
in Figures 3 and, 4, respectively, where microstructural
features in the center of the specimens are more refined
than at their edges and corners, are in accordance with
reports in the literature, such as those of Zhu et al.'* for
the free MDF of high purity Aluminum. In addition, these
microstructural features are in agreement with the results
based on the hardness distributions (Figure 2) and profiles
(Figure 6), where hardness is higher in the central parts of
the specimens than in their borders.

The OIM results (Figure 6), indicate a relatively strong
preferential orientation of the grains around the <110> and
<100> directions and is typical of FCC materials subjected
to compression®>33,

Figure 7 displays the grain boundary characteristics
at the central, edge and corner regions of a specimen
processed after 4 MDCF cycles. Figures 7a and 7b refer
to the central specimen region, Figures 7c¢ and 7d to
the edge and Figures 7e¢ and 7f to the corner regions.
The color lines in Figures 7a, 7c and 7e correspond to
ranges of grain disorientations; red lines represent grain
boundaries misorientation angles in the range of 2°
to 5°, the green lines to the range 5° to 15° and the dark

blue lines to angles above 15°. The first two groups are
usually called Low-Angle Grain Boundaries (LAGBs)
and the third group High-Angle Grain Boundaries
(HAGBS). Figures 7a, 7c and 7e indicate the presence
of dislocation cells/subgrains in the material in all three
examined specimen regions, confirming the formation
of substructures suggested by the color hues in the OIM
images in Figure 6. These substructures are basically
equiaxed in the central region (Figure 7a) and elongated
in the edge and corner regions (Figures 7d and 7f). It is
generally recognized that dislocation substructures in FCC
metals with a high stacking fault energy (SFE) initially
form in an elongated/lamellar aspect, and then, as strain
is raised, become equiaxed®*. This is in agreement with
previous microhardness and OM results, which indicate
the occurrence of higher deformations in the central
region of the specimen than at its edges and corners.
Figures 7b, 7d and 7f display the grain disorientation
histograms for the three regions of the specimen. These
distributions are similar and involve a low fraction of
HAGBEs; there is a small tendency for a higher fraction
of HAGBs in the central region (0.038), in comparison
with the corner (0.031) and edge (0.022) regions. This is
probably connected to the increasing strain as one considers
the edge, corner and central regions of the specimen,
causing an increasing refinement of the structure. On the
other hand, the situation should be viewed cautiously,
since the differences in the measured values of HAGB
fractions are low.

There was a pronounced grain refinement after
the 4 MDF cycles for all processing conditions. The initial
grain size of the annealed material was ~170 um and the
final grain size, considering only HAGBs (High Angle Grain
Boundaries, with disorientation angles 6 >15°) in the central
region of the specimens was 30 um as measured through
the OIM images.

4.3 Simulations

The simulation results displayed in Figure 5 are in
accordance with previous indications for the observed
strain distribution, based on microhardness measurements
and microstructural analyses. A higher strain is indicated
for the central region of the specimen than at its
edges and corners For free compressions, however,
the simulations did not predict specimen distortions
similar to those experimentally found, for the reasons
already discussed.

The most homogeneous deformation distributions
after 4 MDF cycles was obtained with specimens re-machined
after each compression step. This is a consequence of the
repeated removal of the outermost, less deformed regions
of the specimen by machining. As already discussed, this
procedure is time consuming, expensive and complex.
A comparison of the strain distribution after 4 MDF cycles
under free compression (Figure 5b) and with MDCF
(Figure 5f), where specimen distortions were neglected
for the free compression, indicates that MDCF leads to a
somewhat higher uniformity of strain distribution than free
compressions.
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Figure 7. Grain boundary characteristics and distribution of grain disorientations of the material after 4 MDCF cycles, respectively
(a, b) central specimen region, (c, d) edge specimen region, and (e, f) corner specimen region.

5. Conclusions

The present paper focuses on the analysis of the distributions
of microhardness, microstructures and effective strain
associated with Low Strain Amplitude MDF (LSA-MDF),
after 1 and 4 LSA-MDF cycles. The results indicate that:

1.

MDF under free compressions led to specimen distortions
and to heterogeneous microhardness distributions.
The specimens developed rhomboid sections and
microhardness was higher along the shorter rhomboid
diagonal than along the longer one. MDF with re-
machined specimens and MDCF (Multi directional
Confined Compressions) eliminated these problems;

Microhardness measurements, microstructure
analysis and numerical simulations of specimens
after LSA-MDF with re-machined specimens
and with MDCF indicate that these processing
techniques lead to a higher strain in the central

region of the specimens than in the regions closer
to the specimen faces;

When re-machined specimens are utilized, the
outermost regions of the specimen, which display
lower deformations than the central regions, are
successively removed by machining; as a consequence,
the microhardness and strain distributions in re-
machined specimens is somewhat more homogeneous
than under MDCF. Specimen re-machining is
complex, time-consuming and costly;

The distribution of microstructures for all the
LSA-MDF processing routes was similar; the
central area of MDCF specimens displayed more
equiaxed and refined grain structures than the corner
and edge regions;

From the point of view of deformation through LSA-
MDF, MDCF seems to be the preferred route, due to
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its simplicity, low cost ease and its microhardness,
microstructure and strain distributions, in relation
to the other procedures (free compressions and
compressions with re-machined specimens).
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