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Natural ageing of aluminium processed by twist
channel angular pressing

[LENKA KUNCICKA, RADIM KOCICH]

Abstract - The method of twist channel angular pressing
(TCAP) was invented with the aim to increase the efficiency of
single pass severe plastic deformation (SPD) technologies. The
study shows the structure of TCAP-processed aluminium after
processing and the changes developed in the structure after a
year of natural ageing at room temperature. The grain
refinement after a single pass TCAP was very significant due to
effectively imposed shear strain; the majority of grains were
smaller than Spm. The grains further showed sub-structure
featuring fine precipitates, accumulated dislocations and
developed subgrains. Transmission electron microscopy of the
one-year-aged samples showed increased precipitation; the
precipitates acted as effective obstacles for grain growth and
structure recovery. The microscopy results were supplemented
with microhardness measurements, the results of which showed a
significant hardening for the single pass TCAP, after which the
average microhardness increased from 44.6 HV to more than 91
HV.

Keywords — twist channel angular pressing, sub-structure
development, microhardness, ageing, aluminium

.  Introduction

The advantage of the severe plastic deformation (SPD)
methods is primarily the ability to refine structural units by
imposing shear strain, which results in the improvement of
various material characteristics [1-3]. Due to their superior
properties, materials processed by means of SPD can be used
for various applications e.g. in electrotechnics [4], automotive
[5], aircraft [6], military [7], as well as in biomedicine [8,9].
SPD is for example suitable for production of high-strength
electro-conductive copper [10], consolidation of nano-scaled
Al-based composites [11,12], improvement of corrosion
resistance of pure Mg [13], enhancement of hydrogen sorption
capacity of Mg [14], decreasing the elastic modulus of Ti-
based biocompatible alloys [15], and increasing the corrosion
resistance of bio-applicable Mg-based alloys [16,17].

Among the mostly investigated SPD methods is equal
channel angular pressing (ECAP), the amount of the simple
shear strain imposed by which depends primarily on
processing parameters, such as material characteristics,
friction, processing temperature, die geometry, and the
selected deformation route [18-23].
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Nevertheless, uniformity of strain distribution across the
cross-section of a processed material after a single ECAP pass
can be relatively low [24]. By this reason, an ECAP pass can
advantageously be combined either with subsequent passes, or
with another SPD component to increase the efficiency and
imposed strain uniformity [25,26]. Considering ECAP-based
methods, the structure refinement is generally greater with a
higher imposed strain. However, after a very high amount of
strain has been imposed, achievement of structure saturation
characterized by the equilibrium between annihilation and
generation of dislocations occurs. This significantly reduces
any subsequent structure refining ability [27].

The technology of twist channel angular pressing (TCAP),
which has recently been invented hand in hand with the
contemporary trend of increasing the efficiency of SPD
processes, is in principle a combination of ECAP and twist
extrusion (TE) [28]. TE is another SPD method for which
simple shear is the main deformation mechanism, however,
non-uniformity of the imposed strain across the cross-section
of a TE-processed material is evident [29-31]. Experimental
and numerical studies published elsewhere showed the strain
imposed during a single pass to be higher for TCAP, when
compared to ECAP [28]. The method has a favourable
influence on strain homogenization across the sample cross-
section, too [32,33]. Previously published studies thoroughly
investigated the influence of die geometry on the overall
imposed strain [34], and compared grains orientations,
misorientations and textures in materials processed by TCAP
and various numbers of ECAP passes [35,36].

The main focus of this study was on characterization of
sub-structure of a material processed by a single TCAP pass
right after processing, and after a year of natural ageing at
room temperature. The focus was on very fine strengthening
structural features, such as grain boundaries, dislocations and
precipitates. Structure studies via transmission electron
microscopy were supplemented with grain size determination
performed by means of scanning electron microscopy and
microhardness measurements.

n. Experimental

As the experimental material, Commercial Purity (CP)
aluminium (Al 99.7%) was chosen. This material was selected
primarily owing to its low flow stress and very high stacking
fault energy (SFE), which provides CP Al with intrinsic
material properties advantageous for demonstration of
structural changes induced by SPD [37].

The 12x12x120 mm?® billets were firstly annealed for 1
hour at 400 °C to roughen the structure in order to better
demonstrate the subsequent grain refinement. The TCAP
extrusions were performed at room temperature using a
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NMT300 hydraulic press equipped with a specialized die
(custom-made TCAP die, as depicted schematically in Fig. 1).
The material was extruded at the rate of 3 mm-s™ with MoS,
as the lubricant.
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Figure 1. Schematic depiction of the TCAP die

After processing, rough samples for subsequent structure
analyses were cut using a CNC electro-erosive wire cutting
machine. The samples for scanning electron microscopy
(SEM) grain size analyses, which were performed on cross-
sectional cuts perpendicular to the sample extrusion axis, were
ground on SiC papers and polished mechanically using
alumina compound and finally polished electrolytically. The
foils for transmission electron microscopy (TEM) were
prepared using a twin-jet electro-polishing device. The SEM
observations, carried out on 70° tilted samples with 0.5-1.0 pm
scan step and 20 kV accelerating voltage, were performed
using a Tescan Lyra 3 FIB/SEM microscope equipped with a
NordlysNano electron back-scattered diffraction (EBSD)
detector. The evaluations of the grain size analyses were
performed considering 15° misorientation to be the limit
between low-angle and high-angle grain boundaries. The foils
prepared for TEM examinations were investigated using a Jeol
2100F TEM machine operating at 200 kV.

The supplemental analyses of mechanical properties were
performed via HV100 Vickers microhardness measurements
carried out on cross-sections of samples cut by the CNC wire
cutter and prepared similarly to samples for SEM
observations. The applied load was 100 N and the indentation
time was 15 s; the measurements were performed using a
Future Tech FM ARS 900 microhardness testing machine with
a diamond indenter.
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. Results and Discussion

A. Grain size

The grain size analysis of the unprocessed material,
showed quite coarse grains, several individual grains had the
diameter of almost 150 pm. Nevertheless, the diameter of
almost 70 % of the grains was smaller than 50 pm and the
average diameter was less than 40 um (Fig. 2a). The analysis
of the TCAP-processed sample revealed quite significant grain
refinement. The average grain diameter after a single pass
TCAP was lower than 6 pm and the high imposed strain
resulted in the refinement of the majority of the grains (almost
75 %) to the diameter of less than 5 um (Fig. 2b). A single
pass TCAP thus exhibited a very high grain refining ability
and is more efficient in imposing strain resulting in grain
refinement than a single pass ECAP, as well as than two
passes of ECAP performed by routes A, as well as Bc [22,36].

The efficiency of the process is primarily given by the
character of the process involving two stages of imposing
strain — in the first deformation stage, the shear strain is
mainly imposed by the twist to the sample peripheral regions,
while in the second stage, the bending part of the channel
imposes the strain primarily to the central region of the
processed sample [28,34,38]. The positive effect of combining
various SPD methods, passes and components together has
already been proven [39,40]. However, TCAP provides a new
combination of strain paths in a single pass, which is very
efficient from the viewpoint of grain refinement [35].
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B. Sub-structure evolution

The substantial amount of the imposed strain was very
favourable from the viewpoints of generation and movement
of dislocations, which contributed to significant hardening of
the processed material. A typical image of the structure right
after processing is shown in Fig. 3a. As can be seen, the
structure featured larger grains, originating in the unprocessed
material, with highly developed sub-structures of dislocations
and subgrains. In the upper right corner of Fig. 3a, a grain
undergoing recovery can be noticed (evident grain boundary
movement). A newly emerging and growing recovered grain
can also be seen in Fig. 3b. The recovery process was most
probably induced by the high pressure combined with the high
imposed strain, which lowered the activation energy for
recovery start [41]. The particular grain in Fig. 3b also
evidently nucleated on a grain boundary, which is generally a
location featuring higher energy.

The subgrains introduced by TCAP had the sizes smaller
than the smallest sizes achievable by ECAP (200 — 300 nm)
[19], which reveals a promising structure refining potential of
this technology. The structure also featured the presence of
fine secondary particles with the smallest having the diameters
of around 10 nm, which acted as barriers causing pinning of
grain boundaries and dislocations, however, larger particles
could also be seen. Despite the fact that larger particles do not
significantly contribute to the pinning effect, they can be
fragmented e.g. by dislocations moving through to smaller
particles, which eventually contribute to hardening. This
phenomenon was reported previously [36,42].
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Figure 3. Sub-structure after TCAP (a), (b); Sub-structure after TCAP and
one-year room temperature annealing (c), (d).

The sub-structure of the processed material was analysed
again after one-year natural room temperature ageing. As can
be seen in Figs. 3c and 3d, the structure after a year evidently
featured a lower amount of dislocations and subgrains.
Structures right after SPD processing by high amounts of
shear strain are non-equilibrium and tend to undergo recovery
processes (in time) [43]. They also contain a substantial
number of triple junctions formed with low angle grain
boundaries (LAGB), the movement of which also contributes
to recovery processes [44-46]. In Fig. 3c, moving grain
boundaries are obvious. The structure is also better recovered
and features a significantly lower amount of dislocations,
when compared to, for example, Fig. 3a, however, dislocation
walls are still evident in certain locations. The Figure also
shows fine precipitates. These can also be seen in Fig. 3d. This
Figure shows recovered grains limited with dislocation-formed
serrated boundaries. Formation of this type of boundary is a
pre-final step before transformation of subgrains into full
grains [47]. As can be seen, one of the serrated boundaries is
from both its sides pinned by fine precipitates, which prevent
dislocations movement and delay full recovery of the grain.

Cc. Microhardness

The graphical dependence in Fig. 4 shows the results of
microhardness measurements performed along the cross-
sectional cuts of all the samples processed by TCAP, right
after processing and after a year of natural ageing. The results
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are supplemented with the results of measurements performed
on the original material, which exhibited the average
microhardness of 44.6 HV. Evidently, the sample right after
processing exhibited the highest HV values, the average
microhardness within the sample was slightly above 91 HV.
The analysed volume of the sample exhibited only slight
differences between the minimum and maximum values and
the microhardness distribution was quite homogenous. This
significant microhardness increase was provided by the
significant substructure development, increased number of
generated dislocations and deformation induced precipitation,
as described in the previous section [47].

Fig. 4 also shows the results of microhardness
measurements for the sample after one-year ageing, which
revealed slightly decreased values when compared to the
sample right after processing. This finding is in accordance to
the sub-structural observations, which showed recovered
structure and decreased amount of dislocations comparing to
the un-aged sample. However, the drop in HV was not so
significant, most probably owing to the presence of
strengthening precipitates, which also provided the pinning
effect and made the recovery more difficult, as already
mentioned.

Considering the results of sub-structure observations,
together with the slight drop in microhardness, the assumption
of probable increase in plastic properties can be made. Similar
material behaviour was already reported for other materials
processed by SPD [48]. Nevertheless, owing to the limited
range of this paper, this investigation is going to be the theme
for a subsequent study.
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Figure 4. Comparison of microhardness for all investigated samples.

iv. Conclusion

As shown by the results of this study, TCAP has a great
potential as a strengthening technology. After a single pass,
the majority of the grains refined to the average diameter of
less than 5 pm and the grains featured a significantly
developed sub-structure of dislocations and subgrains. The
energy accumulated in the material then resulted in a partial
recovery of the structure after a one-year natural ageing at
room temperature. The aged structure featured new grains
recovered from subgrains and a decreased amount of
dislocations. However, precipitation increased slightly.

All the phenomena influenced the microhardness
development. Although the average HV values were almost
doubled right after processing (increased to more than 90 HV),
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they decreased after the natural ageing due to the recovery
processes, however, the drop was not very significant, which
can be attributed to the increased precipitation. The
phenomena occurring in the sub-structure of the aged material
impart the notion of a notable increase in plastic properties,
the analyses of which are going to be the topic for a
subsequent study.
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