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Abstract

The effects of severe plastic deformation on properties of AA1100 and AA2024 including the ultrasound velocity and the
shear strength during multi-axial compression (MAC) are studied. Additionally, optical microscopy, scanning electron
microscopy, and X-ray energy-dispersive spectroscopy are utilized. For both AA1100 and AA2024, an opposite trend is
reported in the shear strength and the sound velocity versus deformation strain of MAC. At high strain range, AA1100
and AA2024 samples reach a plateau in the strength due to the occurrence of dynamic recovery. On the other hand, the
sound velocity is shown to decrease 11% and 15% for AA1100 and AA2024, respectively. Furthermore, the microstructural
evaluation reveals that during severe plastic deformation, grain refining for both aluminum alloys occurs. Remarkably,
elongated precipitates for severely deformed AA2024 samples are observed. Both an increase in grains boundaries followed
by grain refining and elongated precipitates contribute to ultrasonic wave scattering. The presence of such scattering sites
is responsible for a noticeable decrease in sound velocity.
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1 Introduction

Aluminum and its alloys are known as low-weight, low-
cost, corrosion-resistant, and ductile metals. Among the dis-
tinct series of aluminum alloys, most of them have excellent
machinability. Although aluminum alloys of 1xxx series
show low strength and hardness [1], properties enhance-
ment is possible through solid solution [2, 3], precipitation/
aging [4, 5], work hardening [6], and grain refinement [7].

Introduction of severe plastic deformation (SPD) has
established a mechanism for strengthening through grain
refining for alloys [7]. Many investigations have paid atten-
tion to producing bulk fine-grained materials within the sub-
micrometer (below 50 pm) [8] or nanometer (< 100 nm) [9]
range. To produce such a range of grain refinement, one can
exploit multi-axial compression (MAC) [10] technology.
This technology is a simple and cost-effective technology
[11] among many available SPD technologies including
equal-channel angular pressing (ECAP) [12], high-pressure
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torsion (HPT) [13], twist extrusion (TE) [14, 15], and accu-
mulative roll bonding (ARB) [16]. In this regard, research-
ers have carried out experiments on aluminum and its alloys
that were processed by ECAP and MAC. As examples of
such studies, one can mention [17-27] that focused on the
microstructural and the mechanical properties evolution.
Additionally, other categories of metals have been subjected
to SPD, including pure copper [28-30], pure titanium [31],
magnesium alloy [32, 33], and steel [34-36].

Fewer studies have been conducted on the properties of
ultrasonic elastic waves in SPDed materials. An instance of
the properties of ultrasonic waves is sound velocity. Sound
velocity has been shown to evolve during plastic deforma-
tion [37-42]. Discussion on the properties of ultrasonic
waves is supported by a simple principle of physics that
says a medium through which the wave travels has an influ-
ence on the motion of wave [37]. That principle can be
represented by the Granato and Liicke string model. Based
on the string model, the ultrasonic attenuation, which is
related to sound velocity, appears due to the mobility of
dislocation [43, 44]. Also, Mujica et al. [45] showed the
effect of dislocation density on a decrease in sound velocity
for pure aluminum. Additionally, it is found that ultrasonic
wave is sensitive to microstructural features such as grain
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boundary [46] and distortion direction [47], precipitations
[48], deformation twins [49], and texture and point defects
[50]. Although remarkable studies have been conducted,
all the mentioned researches are limited to small plastic-
strained alloys, and before necking point.

This study aims to measure elastic wave velocity in sam-
ples that have experienced high/severe plastic strain. The
relation between ultimate shear strength, microstructural,
and sound velocity evolution is investigated during the
MAC process in 1xxx and 2xxx series aluminum alloys.
Furthermore, we consider the effect of second-phase parti-
cles on sound velocity.

2 Experimental procedures
2.1 Sample preparation

The chemical compositions of the investigated aluminum
alloys are summarized in Table 1. The samples were cut
into 10x10x15 mm? rectangular prisms. The AA1100 sam-
ples were annealed in an electrical resistance furnace at
673 K for 2 h and then cooled in air. The AA2024 samples
were solution-treated in an electrical resistance furnace at
768 K for 2 h and then quenched in water. For overaging
purpose, the quenched alloys were held at 573 K for 1 h and
then cooled in the furnace.

The samples were placed into the cavity of a die to apply
MAC process. The rectangular prisms were compressed
at room temperature through the various passes that are
illustrated schematically in Fig. 1. Disulfide molybdenum
(MoS,) lubricant agent was applied to the surfaces of sam-
ples and die wall to minimize the friction during the pro-
cess. The sample was rotated by 90° after each pass and
re-inserted into the die such that the smallest dimension of
10 mm fits in the width of the die channel. The compression
force was only applied on the surfaces 1 and 3 alternatively,

and the ram speed was 1 mm/s. The samples experienced
the equivalent strain of € = 2/\/§1n(W/H) during each
pass, where H is the height of the sample (= 15 mm) and
W is the width of the sample (= 10 mm) [51]. In this study,
one, three, five, and seven passes were applied to the sam-
ples (corresponding equivalent strains of 0.47, 1.41, 2.35,
and 3.29).

2.2 Sound velocity measurement

Longitudinal sound velocity was measured according
to ASTM standard E 494-99 by using a Trusonic Plus
EN12668-1 compliance ultrasonic flaw detector. The sound
velocity calculation was based on the pulse echo method. In
this method, near-field effect does not influence the results
of sound velocity measurements because one wave has left
the detector before the next one is received by the detector.
The calibration standard block V1 was used to calibrate
the equipment. A 4 MHz longitudinal beam probe with a
diameter of 8§ mm was used to measure sound velocity, and
filtered machine oil was used as the couplant for the lon-
gitudinal wave probe. Since the samples exhibited slightly
irregular shape after each compression step, they were pol-
ished to have smooth, flat, and parallel surfaces. The tem-
perature affects the measurement; therefore, the temperature
was kept the same for all the specimens. The mean values
for the velocities were obtained by averaging three inde-
pendent measurements.

2.3 Microstructural examination

The microstructural observations were exactly conducted
into equally half along the compression axis and the cross
section. As a result, we can correlate sound velocity meas-
urements to the microstructure of the section along which
the longitudinal waves pass. Each of the deformed sam-
ples was cut along the midline of the long side and then

Tal?le 1 Chemical composition Al Si Fe Cu Mn Mg Cr Ni 7n

of investigated AA1100 and

AA2024 (wt%) AA1100  Base  0.95(Si+ Fe) 020  0.05 - - - 0.1
AA2024  Base 0.112 0348 386 0.449 123 0.0195 0.0172  0.297

Fig.1 The schematic of the
MAC process
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mechanically polished. For the next step, the microstructure
of AA1100 samples was revealed by electro-etching with
Barker’s solution (2.5% HBF, in 100 ml H,O) at 20 V and
22 A. Additionally, the microstructure of AA2024 samples
was revealed by etching with a diluted solution of 10 g
sodium hydroxide (NaOH) and 5 g potassium ferrocyanide
(K,FeCN) in 100 cc H,0. Microstructural examinations
were carried out by an optical polarized light microscope
Olympus PME3. Moreover, the precipitates were investi-
gated in mechanically polished AA2024 samples with a
field-emission scanning electron microscope at the operat-
ing voltage of 15 kV. Also, X-ray diffraction (XRD) analysis
was carried out using a PANalytical diffractometer with Cu
Ka radiation at 50 steps per degree to investigate precipi-
tates in the overaged AA2024 samples.

2.4 Shear strength measurement

Small square specimens of 10 mm sideway and 1.0 mm
thickness was cut from the severely deformed AA1100 and
AA2024 specimens. The surfaces of the specimens were
ground using SiC papers and were polished to a final thick-
ness in the range of 0.75-0.8 mm. A shear punch test was
carried out using a Hounsfield test machine at room tem-
perature and a constant crosshead speed of 0.25 mm/min.
The load—displacement data which was obtained by a shear
punch test (SPT) was converted into shear stress (z) and
normalized displacement (6) by the following expressions
[52]:

T =P[2xrt ey

6=dt 2)

where P is the applied load, ¢ is the specimen thickness
(= 0.75-0.8 mm), r is the average of punch and lower die
radius (= 6 mm), and d is the displacement of punch. Nor-
malized displacement is the displacement of the punch,
which is normalized by the thickness of the specimen.

3 Results and discussion
3.1 Microstructure

Figures 2 and 3 demonstrate the microstructures of alu-
minum alloys AA1100 and AA 2024 during the MAC
process, respectively. Figure 2a shows that the annealed
AA1100 sample contains both fine and coarse grains. After
one pass, a few elongated grains are observed (Fig. 2b). In
the microstructure of the third pass sample, a significant
number of coarse elongated grains in addition to the fine

grains are observed (Fig. 2¢). Formation of round-shaped
grains is noticeable besides a few elongated ones for five
passes (Fig. 2d). Interestingly, there is a considerable
amount of deformation bands forming within the grains
(Fig. 2f). Additionally, for approximately the same strained
sample, Yang et al. [22] argued that the elongated grains
shortened by transverse boundaries can be accounted for
the formation of equiaxed grains. Moreover, a likely cause
for the presence of large grains in Fig. 2d is deformation-
induced grain growth. Grain growth takes place through
grain rotation and grain boundary migration, in the case
of nanocrystalline grains and grains larger than 100 nm,
respectively [53, 54]. By further deformation, fine elon-
gated grains are still formed after seven passes of MAC
(Fig. 2e).

As shown in Fig. 3a, for AA2024, coarse grains are
observed in the overaged sample. Figure 3b shows fine
grains that are formed in the center and elongated ones at
the edge of the sample. In Fig. 3c, more elongated grains
oriented perpendicular to elongated ones at sides of the
sample are observed after three passes. By further defor-
mation (Fig. 3d), the grain refinement occurs remarkably
in the center and extends toward the sides of the sample.
Also, it can be seen that some coarse grains are divided into
fine grains (Fig. 3e).

In Fig. 4a, spherical and dispersed precipitates are shown
for the overaged AA2024 sample. Additionally, by expos-
ing samples to severe deformation, elongated precipitates
are formed as it is revealed for seven passes (Fig. 4b). The
intermetallic precipitates, according to the elemental map
(Fig. 5), are mostly composed of Al, Cu, and Fe. These
intermetallic particles are formed during solidification,
and they are mainly Al,Cu,Fe. The XRD analysis of the
overaged AA2024 (Fig. 6) also indicates the presence of
Al,Cu,Fe intermetallic particles. Moreover, there are some
peaks which are related to Al,CuMg particles formed dur-
ing the overaging process. The (111) and (200) peaks refer
to the aluminum matrix.

3.2 Ultimate shear strength

Figures 7 and 8 show the ultimate shear strength evolu-
tion of AA1100 and AA2024 samples versus the number
of MAC passes, respectively. According to Fig. 7, the
strength is increased from 67 to 91 MPa for the annealed
sample after three passes of MAC. However, shear strength
turns relatively unchanging upon further deformation.
For AA2024 specimens (Fig. 8), the strength rises more
than 70 MPa from 139 MPa after the one pass; then, it
reaches the maximum value of 211 MPa after three passes.
Although the strength varies erratically for five and seven
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Fig.2 Microstructure of AA1100 samples; a annealed, b one-, ¢ three-, d five-, e seven-, f five-pass sample at larger magnification

passes, its variation is almost constant compared with those
of the initial passes.

For AA1100, the considerable increase in strength at
low strains (one and three passes) can be linked to both
contributions of the grain refining phenomenon and the
multiplication of dislocations based on the Frank—Read
mechanism. Nevertheless, the shear strength stops rising

@ Springer

after three passes due to dynamic recovery [19, 22]. For
AA2024, the Mg solute atoms affect the strength of Al in
two ways. Firstly, at low strains, dislocations are pinned,
and their motion is made slow. Secondly, the annihilation
of dislocations becomes difficult during deformation. As a
result, the dislocation density is indirectly increased [55].
Furthermore, the grain growth is impeded by the solute
atoms dragging and fine precipitates like S'/S (Al,CuMg)
phases.
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Fig.3 Microstructure of AA2024 samples; a overaged, b one-, ¢ three-, d five-, e seven-pass samples

3.3 Sound velocity measurement

In Figs. 9 and 10, the changes in the sound velocity of
AAT1100 and AA2024 (4 MHz longitude wave probe) are
presented as a function of MAC passes, respectively. The
sound velocity of the alloys has a trend contrary to the trend
of the shear strength. For AA1100, the velocity is gradu-
ally decreased from 6557 to 6543 m/s at low strains, and
then, the velocity plunges 8.3% after three passes. Finally,
the velocity levels out at around 5900 m/s corresponding
to 10% decline compared with the velocity of the annealed

sample. For AA2024, the velocity reduces about 100 m/s to
6625 m/s for one pass. Contrary to AA1100, the decrease
in sound velocity continues as the plastic deformation
becomes more severe in AA2024. Up to seven passes (a
strain of ~ 3.3), the velocity falls to ~ 15% lower velocity
compared with the initial value that is 6722 m/s.

For AA1100, as discussed in a similar study for pure
copper [56], dislocations—as a result of plastic defor-
mation—influence on a propagating wave across a solid.
Therefore, the greater dislocation density results in a more
wave absorption realized by a decrease in the velocity of the
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—— = 100 pm

Fig.4 SEM micrographs of a overaged AA2024 sample without deformation and b overaged AA2024 sample subjected to MAC for seven

passes

wave. This theory was discussed in both elastic and plastic
regimes during tensile testing [39, 43, 44]. In addition, the
presence of grain boundaries leads to further loss of energy
of the ultrasound wave [46]. This share of energy loss is
due to a discontinuity in elastic properties at each grain
boundary [46]. Thus, the formation of fine grains also con-
tributes to wave scattering and therefore further decrease in
the velocity. In a similar manner, deformation bands, which
lead to a higher level of inhomogeneity, lower sound veloc-
ity of the fifth pass sample.

Furthermore, for AA2024, besides the points mentioned
about AA1100, precipitates play a key role in altering the
sound velocity [48]. The difference in the elastic modulus
of the phases and precipitates—matrix interface is consid-
ered as other kinds of scattering cause [48]. Therefore, the
presence of precipitates can be responsible for the more
noticeable decrease in the sound velocity of AA2024 than
that of AA1100. In Fig. 10, although the shear strength does
not change considerably at high strain stage, the velocity
plunges to 5797 m/s (the lowest of its value after seven
passes). According to Fig. 4b, further deformation leads to
an elongated configuration of precipitates, whereas, based
on Fig. 4a, the precipitates are more evenly agglomerated
and dispersed. The elongated configuration is in the order
of hundreds of micrometers which is relatively in the same
order of the wavelength of the wave used in this study.
Hence, the elongated precipitates are effective enough to
scatter the propagating wave [57]. Also, the effect of elon-
gated precipitates on sound velocity was studied similarly
but for grain distortion in cold-formed aluminum profile by
Keran et al. [47].

@ Springer

4 Conclusions

SPD has shown itself as one of the most promising pro-
cesses giving rise to further enhancement in materials prop-
erties. In addition to mechanical properties that have been
appreciably investigated by recent research, sound prop-
agation properties in materials can be improved by SPD
process. As an instance, vibration dissipation and noise
cancelation count as applications of the sound propagation
properties.

The utilized method in this study provides results that are
useful to study the correlation between sound velocity and
mechanical properties such as materials’ strength, damp-
ing, or other acoustical parameters. Although this method
is simple and nondestructive, distorted shape and surface
condition of SPDed samples are problematic for ultrasonic
measurements.

In summary, the effect of SPD on the sound velocity and
shear strength of aluminum alloys was investigated and the
following conclusions can be drawn:

1. Microstructural observation reveals grain refining.
Moreover, in AA 2024 case, the elongated precipi-
tates are formed. These microstructural features lead
to measure an increase in the strength and a decrease in
the sound velocity as a function of MAC passes.

2. The values of shear strength and sound velocity show
the opposite trend.

3. Both AA1100 and AA2024 show 24 and 70 MPa
increase in shear strength until three passes of MAC,
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Fig.5 Elemental map of overaged AA2024 sample
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Fig.6 The XRD analysis of overaged AA2024 sample
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Fig.7 Ultimate shear strength of AA1100 samples during the MAC
process

respectively. Then, due to dynamic recovery, the
strength flattens out for both aluminum alloys.

4. Furthermore, despite a downward trend in the sound
velocity for both studied aluminum alloys, the velocity
is increased by about 60 m/s after the strain of 2.37
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Fig.9 Sound velocity evolution in AA1100 samples as a function of
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for AA1100 samples. Dynamic recovery is responsi-
ble for this slight increase in the velocity. In contrast,
the continuous decrease in the velocity for AA2024
specimens is attributed to the presence of elongated
precipitates.
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