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ARTICLE INFO ABSTRACT

Keywords: The mechanism of ultrasonic softening effect has been widely investigated and used in the metal material
Ultrasonic vibration processing area. Deficiency discussion, however, has been focused on the residual effect of ultrasonic vibration
A!“m}m“m on the plasticity of metals only. In this study, ultrasonic vibration assisted compression (UAC) experiments were
Titanium carried out using commercially pure aluminium and titanium samples. Despite the similar ultrasonic softening
Residual effect . . . . . e .

EESD effect, different ultrasonic residual effects were observed in the aluminium and titanium samples. Aluminium

exhibited a residual hardening phenomenon, whereas in titanium the initial residual hardening effect
transferred to a residual softening effect with an increase in amplitude of the applied ultrasonic vibration.
Electron backscatter diffraction (EBSD) characterizations revealed that substructure multiplication, texture
evolution and dynamic recrystallization caused by the ultrasonic vibration are the main causes of the residual
hardening effect of aluminium. The boundary strengthen mechanism based Hall-Petch relationship was used to
explain the mechanism and to predict the influence of the ultrasonic residual effect for aluminium. For the
titanium, it was found that the ultrasonic vibration reduced the density of deformation twinning in the
specimen, and the evolution of residual effect was analysed from the aspects of grain refinement, deformation
twinning induced strain hardening. By quantitative study, the main reason for the residual hardening effect of
UAC aluminium sample is identified to be the ultrasonic vibration induced grain refinement, while for the
titanium, the weakened strain hardening effect induced by deformation twinning should be the main factor
accounting for the residual softening of titanium. Also the ultrasonic vibration could have a similar influence as
that of the thermal treatment to the titanium sample, resulting in the yield point elongation (YPE) phenomenon.

Yield point elongation

1. Introduction amplitude. Possible mechanisms of the ultrasonic softening effect have

been proposed as: i) stress superposition [7—10]; ii) thermal softening

The effect of ultrasonic vibration during plastic deformation of
metal materials was first reported by Blaha and Langenecker in 1955
[1]. In their research, they found that superimposed ultrasonic vibra-
tion led to a declining flow stress during the tension test of single
crystal zinc, a phenomenon referred as the ultrasonic softening effect.
With regard to the ultrasonic softening effect, some studies [2—6] had
investigated the relationship between ultrasonic vibration and flow
stress reduction. The references [2—4] suggested that the flow stress
reduction during ultrasonic assisted processing of metals was related to
the ultrasonic intensity, which is proportional to the square of the
vibration amplitude. However, works in references [5,6] indicated that
the flow stress reduction was proportional to the ultrasonic vibration
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[11]; and iii) change of surface friction [12]. However, there are some
disagreements among these previous proposed mechanisms of the
ultrasonic softening effect. For example, the study [13] found that
reduction of mean stress was greater than the oscillatory stress induced
by ultrasonic vibration. Moreover, according to the references [13—15],
the temperature change caused by superimposed ultrasonic vibration is
very limited. Despite these disagreements, the idea is generally
accepted that, by superimposing ultrasonic vibration on the deforma-
tion process of metals, the forming load is significantly reduced. Based
on this concept, some ultrasonic vibration assisted material processing
technologies had been developed, such as ultrasonic metal welding or
ultrasonic consolidation [16—20], ultrasonic vibration assisted wire
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drawing [21-23] and ultrasonic shot peening [24,25].

Apart from the ultrasonic softening effect, ultrasonic residual
softening and residual hardening effect have also been reported in
the literature. Yao et al. [6] found the residual hardening effect during
the acoustic vibration assisted aluminium compression test. In their
modelling work, the residual hardening effect was attributed to the
multiplication of dislocation density. It is noted that a residual
softening effect is also possible, as reported in previous studies of
Huang et al. [5] and Lum et al. [26], in which the annihilation of
dislocation was believed to be the cause inducing this residual softening
effect. But the two research groups [5,26] did not conduct direct
microstructure analysis to support their construction. Moreover, the
effect of ultrasonic vibration on the microstructure evolution was
investigated by Siu et al. [15]. During indention of aluminium it was
found that a very pronounced sub-grain formation occurred when
horizontal ultrasonic vibration was applied. This observation was
interpreted as the enhanced dipole annihilation caused by ultrasonic
vibration. On the other hand, in the work of Dutta et al. [27], sub-grain
formation was substantially reduced in a carbon steel sample with in
situ horizontal ultrasonic treatment. According to the analysis of Dutta
et al., this inconsistency could be due to the difference of deformation
mechanisms between face-centred cubic (FCC) metal and body-centred
cubic (BCC) metal. The evolution of dominant dislocation types during
the deformation of BCC metal may also contribute to this difference.
Given the fact that the loading conditions were quite different in these
two studies mentioned above, sub-grain formation or annihilation
mechanisms and their relationship to ultrasonic vibration still need to
be investigated for different metals with different crystal structures. It
is found that in both the microstructure characterization mentioned
above, the effect of microstructure evolution on the mechanical
response of materials was not considered.

As was shown in Fig. 1, although ultrasonic vibration has both a
softening effect and residual effects during the metal forming process,
the residual effects can significantly change the mechanical properties
of materials. Previous studies have mainly focused on the ultrasonic
softening effect and its applications, whereas for the present study, the
lightweight metals aluminium and titanium, which have been widely
used in the automotive and aerospace industries [28—31], were chosen
as subjects. It is noted that aluminium with FCC crystal structure and
titanium with hexagonal close-packed (HCP) structure have different
deformation mechanisms. The main objectives of this study are to
study the mechanical behaviour of materials after ultrasonic vibration
assisted deformation and to investigate the mechanism underlying

1) /(U\ ~ This study aims to fill the gap in previous studies
$ a on the residual effects induced by the
= E microstructure evolution after ultrasonic vibration
n < a
[276]
[7~15) 2> [15,27)
—5 [1625)
——no vibration
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Fig. 1. Schematic of the focuses of previous studies and contribution of this study: [2—6]
relationship between ultrasonic softening and the ultrasonic vibration amplitude; [7-15]
mechanisms of ultrasonic softening; [16—25] application of ultrasonic softening in
materials processing; [15,27] microstructure evolution after deformation induced by
ultrasonic vibration; [5,6,26] ultrasonic residual effect; this study aims to fill the gap
marked on the curves.
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changes in mechanical behaviour induced by the microstructural
evolution of materials.

2. Experimental
2.1. Materials and samples

The commercially pure materials: aluminium Al1060 and titanium
ERTAI1ELI were used for this study. The aluminium Al1060 raw
material (supplied by SWA Co., Ltd.) came as annealed aluminium
bar manufactured under China technical standard GB/T3880.2-2006,
with a diameter of 6 mm, and then was machined along the axial
direction of the bar into cylindrical samples with both diameter and
height of 4 mm. The commercially pure titanium ERTA1ELI (supplied
by BAOTAI Co., Ltd.) came as an annealed titanium bar manufactured
under China technical standard NB/T47018.7-2011, with a diameter of
2.4 mm, and then was machined along the axial direction of the bar
into cylindrical samples with both diameter and height of 2.4 mm. As
the materials were already annealed, no further heat treatment was
applied to both aluminium and titanium samples after machining. Also
since the machined surface of the sample ends was fine and flat for
present study, so no further polish was conducted after machining. The
chemical compositions of the materials are given in Table 1.

2.2. Ultrasonic assisted compression

An ultrasonic vibration unit was designed to carry out the ultrasonic
vibration assisted compression (UAC) experiments with aluminium
Al1060 and titanium ERTA1ELI samples. The ultrasonic vibration unit
was assembled on the universal testing machines (Hualong-WDW300),
as shown in Fig. 2(a). During the UAC process, the crosshead moved
upward and the specimen was compressed by the crosshead to the flat
compression mould to a certain strain first, then the ultrasonic
vibration was directly applied to the specimen through the ultrasonic
horn in the vertical direction during compression, no medium was used
to couple between the ultrasonic horn and specimen. After a few
seconds the vibration would be stopped and the crosshead kept moving
until the specimen was compressed to about half of the original height.
The schematic of the loading procedure is showed in Fig. 2(b). In the
experiment, the vibration frequency applied to the samples was
30.8 kHz. The vibration amplitude was measured by a Doppler
Vibrometer (PSV-400) when there was 3000 N load (the maximum
load to the sample subjecting to ultrasonic vibration) and no load on
the sample, based on the method of [13]. The relationship of the
vibration amplitude and the input voltage in different loading condi-
tions is shown in Fig. 3, which indicated that the loading condition had
little influence to the vibration amplitude, and the vibration amplitude
had a nearly linear relationship with the input voltage to the transdu-
cer. In the tests, the loading was controlled by the displacement of the
crosshead per minute, which was also considered as the compression
speed of the specimens. During the tests, the load train calibration was
carried out by conducting the compression test without specimen to
eliminate the influence of the elastic deformation of the vibration unit
as well as universal testing machine. The crosshead moved up to
compress the ultrasonic horn directly to the flat compression mould
without sample until the load reached 8000 N, and the displacement of
the crosshead was recorded as the elastic deformation of the universal
testing machine and the vibration unit. By subtracting this elastic
deformation from the recorded displacement of crosshead during UAC
test with sample, the achieved result is the deformation of the sample,
as shown in Fig. 4. The engineering strain of the specimen was directly
calculated based on the calibrated displacement of the crosshead and
then transferred to the true strain to evaluate the deformation of the
specimens. In this study both aluminium and titanium samples were
compressed to half of the original height, so the engineering strain of
the aluminium sample was 0.5, the corresponding true strain was
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Table 1
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Chemical composition of commercially pure aluminium Al1060 and titanium ERTA1ELI in wt%.

Al1060 (03) Al Si Cu Mg Zn Mn Ti A% Fe
<0.25 <0.05 <0.05 <0.05 <0.05 <0.03 <0.05 0-0.40
ERTA1ELI(M) Ti Fe C N H (0]
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about 0.69. To achieve a constant strain rate of 0.005s7!, the

compression process should be finished with duration of 138s, so
the speed of cross head for aluminium was about 0.87 mm/min and for
titanium it was 0.52 mm/min. To ensure the aliment during the
compression, the clearance gauge was used to test if there are gaps
between the ultrasonic horn and crosshead during the load train
calibration tests, and the ultrasonic frame will be adjusted to make
sure that the surfaces of ultrasonic horn and crosshead are parallel to
each other. Some detailed experimental methods and parameters are
illustrated in the Results section.

2.3. Microstructure characterization

Both aluminium and titanium specimens with different strain states
and compression processes were prepared for EBSD analysis as shown
in Fig. 5. The cylindrical sample was cut in half along the longitudinal
axis. All the samples were gradually ground on SiC paper with the grit
of 2000#, 3000#, 5000#, and 7000#. Then a 1 pm diamond suspension
was used to fine polish the sample. The final mechanical-chemical
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Fig. 4. Schematic of the load train calibration and measurement of the specimen
deformation.

polishing of aluminium samples was done using 0.02 pum colloidal silica
solution and a mixture polishing solution of hydrogen peroxide (30%)
and colloidal silica with a ratio of 1: 5 was used for the titanium
samples.

EBSD testing was carried out on the Zeiss UltraPlus analytical
FESEM at the centre of the samples with the accelerating voltage of
20 kV, beam current of 4 nA and working distance of 24.5 mm. The
step size used for all the initial specimen without deformation was
1 um and a step size of 0.4 um was used for all the deformed samples to
balance the mapping accuracy and efficiency. More details are given in
the Results section. The EBSD data was post-processed through HKL
Channel 5 system.
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Fig. 5. Schematic of EBSD samples’ strain state and compression process.

3. Results and analysis
3.1. Softening and residual effects of ultrasonic vibration

A series of UAC tests with different vibration amplitudes and
vibration durations were conducted on both aluminium and titanium
samples. As shown in Fig. 6(a) and (b), all the aluminium and titanium
samples were first compressed to a strain of about 14%, then the
ultrasonic vibration with different amplitudes was applied to the
samples vertically. The compression process was assisted by the
ultrasonic vibration until the samples reached a strain of 32%. Then

the ultrasonic vibration was stopped and the compression process
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continued until the samples reached a strain of about 75%. For both
aluminium and titanium samples the total vibration time was about
36s.

When the ultrasonic vibration was applied to the samples (to both
aluminium and titanium), there was a significant reduction of true
stress together with a slightly increased strain. After the stress dropped
to its lowest point, it gradually increased with an increase in the
deformation. When the ultrasonic vibration was stopped, the stress of
the aluminium and titanium samples increased linearly with the strain,
indicating an elastic deformation process. Afterwards, during the
subsequent compression process, the stress of the aluminium samples
which had been ultrasonically vibrated was higher than that under the
normal compression, indicating that there was a residual hardening
effect in the aluminium samples. In a simple uniaxial compression test,
the ratio of the von Mises equivalent stress to the hydrostatic stress is 3
and the hydrostatic stress is a dilatational component. In this study, the
UAC is uniaxial compression test, there were not any surrounding
constrains for the samples and the samples can be expanded freely,
therefore, the effect of the hydrostatic stress on the sample deformation
could be neglected.

It is also observed from Fig. 6(b) that, in the titanium samples,
there was a transition process of the residual effect: when the vibration
amplitude was 4.1 um, there was a residual hardening effect. However,
when a higher vibration amplitude, say 5.6 um, was applied, there was
no noticeable residual effect. When the vibration amplitude was 6.4 pm
or above, an obvious residual softening effect was emerged. In the
present study for the titanium samples, a yield point was achieved
during the subsequent compression process after ultrasonic vibration
with the amplitude of 8.5 um or above was superimposed. With the
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Fig. 6. Softening and residual effects of ultrasonic vibration with different vibration amplitudes on samples of (a) aluminium and (b) titanium. Softening and residual effects of
ultrasonic vibration with different vibration durations on samples of (¢) aluminium and (d) titanium.
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application of higher vibration amplitudes, the ultrasonic softening
effect and the ultrasonic residual effects, both the hardening effect for
aluminium and the softening effect for titanium, were enhanced.
Fig. 6(c) and (d) depict the effect of the duration of ultrasonic vibration
on aluminium and titanium samples respectively. In general, the longer
the vibration time, comparing with the compression sample, the more
residual hardening effect was accumulated for the UAC aluminium
samples. Specifically for the titanium samples shown in Fig. 6(d), a
short time of ultrasonic vibration provided a residual softening effect.
However, there was no obvious yield point during the following
compression process. Only when the vibration time was long enough,
24 s or above in particular, did the yield points occur. When the
vibration duration was 60 s, a yield point elongation phenomenon with
a length of 0.39% strain was observed. The yield stress of titanium was
reduced comparing with the true stress of the conventional compres-
sion sample experiencing the same strain.

These UAC experiments indicate that ultrasonic vibration can
dramatically reduce the true stress of deformation in both aluminium
and titanium. During the ultrasonic vibration process, some micro-
structure evolution in the aluminium and titanium samples must have
caused the subsequent residual effects. In the next part, the micro-
structural analyses of aluminium and titanium through EBSD were
used to explain the formation of the residual effects.

3.2. EBSD analysis

3.2.1. EBSD characterization of aluminium

EBSD characterization was conducted for aluminium, as mentioned
above. The compression sample was prepared with a strain about 46%.
The UAC sample was first compressed to a strain of 14%, and then the
ultrasonic vibration was applied until the sample reached the strain of
46%, and the total vibration lasted for about 60 s.

Band contrast maps with grain boundaries of aluminium are shown
in Fig. 7. It is obvious that the compression (Fig. 7(b)) as well as the
UAC (Fig. 7(c)) both introduce low angle (2—15°) grain boundaries to
the samples compared with the initial sample (Fig. 7(a)). The greatest
number of low angle grain boundaries appear in the UAC vibrated
sample and many of the low angle grain boundaries have a closed shape
within the large grains with high angle grain boundaries, indicating
that the compression increases the number of substructures, such as
sub-grain boundaries in the aluminium and that, with the application
of ultrasonic vibration, the formation of sub-grain is promoted. The
substructures induced by deformation result in grain size evolution in
the samples and, along with the grain size evolution, there is also a
change of grain geometry during the deformation. In Fig. 7(b) and (c),
the grains after compression and UAC have an elongated geometry
compared to the original relatively equiaxed grains. By the line
intercept method (30 lines per graph), the average distances between
boundaries with different angles were calculated along both the
compression (dcp) and transverse directions (drp) from Fig. 7. The
statistical values are listed in Table 2.

The commercially pure aluminium bar was rolled along the long-
itudinal axis, which was also the compression direction in this study, so
the distance between the boundaries along the compression direction
was greater than that along the transverse direction. The result was
evidenced by the fact that the dcp/drp ratios for all three cut-off angles
were nearly the same (the dcp/drp ratio ranging from 1.11 to 1.20). In
the compressed and UAC samples, the diameters along both the
compression and transverse directions were small, due to the encase-
ment of sub-grain boundaries induced by the deformation. Compared
with the compression sample, the UAC sample had an even smaller
grain size. And for the compression sample, the dcp/dtp ratio was
around 0.65. It varied only a little for all three cut-off angles. For the
UAC samples, however, the dcp/drp ratio for grain boundaries above
2° was higher than those for both 10° and 15°. In addition, the ratio
was also higher than those from the corresponding data of compressed
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samples. Since the sample size and the strain state of the compression
and UAC specimens are the same, a higher dcp/dtp ratio for the UAC
sample implies that the induced sub-grain boundaries by the ultrasonic
vibration were more tend to be perpendicular to the compression
direction.

During the deformation process, the texture of the aluminium was
changed. The distributions of misorientation angle, both correlated
(misorientation data between neighbouring points) and uncorrelated
(misorientation data between randomly chosen points), in the three
aluminium samples are shown in Fig. 8. For the initial materials, the
misorientation angles are relatively evenly spread, while for the
compression and UAC sample most of the correlated misorientation
angles are below 15°. And in the initial material, the correlated and
uncorrelated misorientation angles almost have the same distribution,
indicating that the misorientation angles are relatively randomly
distributed which is caused by the annealing process. For the compres-
sion sample, the correlated misorientation angles ranges from 2° to
36°. These angles are mainly concentrated in the range of 2° to 15°.
However, for the uncorrelated misorientation angles, though they are
distributed in the same range with the correlated ones, the distribution
is more tend to be a normal distribution. This distribution is caused by
the compression induced reorientation of grains. Due to the compres-
sion a strong texture was achieved in the sample. For the UAC sample,
the correlated misorientation angle distribution has a similar trend
with the one in the compression sample; most of the misorientation
angles range from 2° to 15°. But there is also a number of misorienta-
tion angles ranging from 15° to 60°, whereas in the compression
sample, the highest misorientation angle is only about 36°. As for the
uncorrelated misorientation angles, their distribution in UAC are quite
evenly by comparison to the normal distribution in compression
sample. The distribution of uncorrelated misorientation in UAC sample
ranges from 2° to about 61°. This indicates that the ultrasonic vibration
caused crystallite rotation during the compression process. Thus, a
small amount of high angle grain boundaries formed. The grain
rotation will cause the texture evolution in the UAC sample.

The orientation distribution functions (ODF) of three aluminium
samples are shown in Fig. 9. In the initial material there is a strong
fibre texture <100 > ||ED (CD) and the maximum pole density is 35.5.
Then, after compression, the initial fibre texture was removed by the
deformation and a strong Goss texture {110} < 001 > with the max-
imum pole density of 73.3 was achieved. For the UAC sample, it shows
a similar Goss texture as the compression sample, but the maximum
pole density is only 22.8. And some concentrations of the Euler angles
can also be observed near the Goss texture, as shown in Fig. 9(c) with
- being equal to 20°, 60° and 65°, respectively. These concentrations
were not presented in the ODF of compression sample. So it is
confirmed that the ultrasonic vibration caused crystallite rotation and
weakened the Goss texture shown in the compression sample.

The recrystallization grain fraction obtained from EBSD data is
shown in Fig. 10. When the initial material was annealed, it had a large
fraction of recrystallization grains (about 80%) 15.9% grains were
substructured, and 4.1% grains were deformed as shown in Fig. 10(a).
After compression, 59.4% of grains were substructured, 33.4% of
grains were deformed and only 7.2% of the grains were recrystallized.
After UAC was applied, most of the grains are deformed with a fraction
of 73.2% and 20.8% of the grains are substructured, as for the
recrystallized grains, they only take a fraction of 6%. For the compres-
sion sample, the majority of the grains are substructured. With the
applied ultrasonic vibration, the average misorientation angles within
the grains were increased, resulting in a large fraction of deformed
grains. This also indicated that the ultrasonic vibration induced the
crystallite rotation within the grains during the UAC process and it was
evidenced by the fact that the density of Goss texture was weakened in
the UAC sample comparing with the compression sample as mentioned
above. With a larger and evenly distributed deformed grains, it is
obvious that the ultrasonic vibration can promote the sample to be
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2°~10°
10°~15°
15°~180°
(b) (c)
Fig. 7. Band contrast map with grain boundaries of (a) initial material, (b) compression sample, and (¢) UAC sample.
Table 2 When the ultrasonic vibration was applied the average Taylor factor

Average distance between boundaries along compression and transverse directions..

Condition Angle (deg) dep (um) drp (um) dep/drp ratio
Initial 2 10.95 9.12 1.20

10 17.33 15. 62 1.11

15 22.40 20.06 1.12
Compression 2 2.14 3.31 0.65

10 5.56 9.14 0.61

15 10.70 15.63 0.68
UAC 2 1.55 2.17 0.71

10 5.10 8.86 0.58

15 8.56 13.98 0.61

deformed more homogeneously. Comparing the UAC sample with the
compression one, the fraction of recrystallized grains does not change
much. It is noticed that, by giving different definitions of the range of
misorientation angles within the recrystallized, deformed and sub-
structured grains, different fractions of these three kinds of grains can
be obtained. In this study, though fractions of recrystallization grains of
three samples were given, the objective was to qualitatively illustrate
the effect of ultrasonic vibration to the dynamic recrystallization of
aluminium.

To investigate the effect of textural evolution on the mechanical
performance of aluminium, the Taylor factors of all three aluminium
samples along the compression direction were calculated from the
EBSD data. The Taylor factor has a trend to increase with deformation.

was the highest, as shown in Fig. 11. The average Taylor factors for the
initial, compressed and UAC materials are 2.438, 2.410 and 2.681
respectively.

3.2.2. EBSD characterization of titanium

EBSD characterization was carried out on the UAC titanium sample
with a strain about 50%. The specimen was first compressed to a strain
of 14%, and then the ultrasonic vibration was applied to the specimen
and lasted for 72s.

Different from the FCC aluminium, a phase titanium sample used
in this study has a HCP crystal structure, with a c/a ratio of 1.587
which is below the ideal ratio of 1.633. And the easy <1120> slip
direction is perpendicular to the c-axis, so the slip on the easy planes
cannot produce any deformation along the c-axis. To accommodate the
strain in the c-direction, the slip system as well as the twinning system
with a direction of < c+a > would be operative. Fig. 12 shows the band
contrast map with high angle grain boundaries and twinning bound-
aries of titanium.

In the well annealed initial material, most of the grains are
equiaxed, and there are no twinning boundaries in the initial material.
After being compressed to a strain of 50%, there are lots of twins with
misorientation angles of 64° and 85° occurred in the specimen, as
shown in the Fig. 12(b). It is noted that grains size are not as even as
the initial ones. A numerous small grains were produced with
surrounding large grains. For the UAC specimen, as shown in
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Fig. 8. Misorientation angle distributions of (a) initial material, (b) compression sample,
and (c¢) UAC sample of aluminium.

Fig. 12(c), the grain size distribution is similar to the compression
sample. However, there are only a few twinning boundaries which can
be detected from the UAC sample. And the grain boundary map shows
a clear plastic flow perpendicular to the compression direction. The
average distance between boundaries with different cut off angles and
direction is shown in Table 3.

It is found that, comparing with the initial material, both the
compression and UAC process can refine the grain size. However, the
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grain sizes for the UAC and compression specimen with different cut off
angles are quite similar to each other. Thus by comparing with normal
compression, the UAC process is less efficient for reducing the grain
size for the titanium sample as it did for the aluminium one.

As mentioned above, twinning is another deformation mechanism
for the titanium other than the dislocation and slip. There are two kinds
of deformation twinning shown in the deformed sample: {1012} < 1011
> tensile twinning and {1122} <1123 > compressive twinning. The
fractions of the length of the different twinning boundaries to the high
angle grain boundaries are shown in Table 4. It is found from Table 4
that the total twinning boundaries in the compression sample are 4.7
times to the ones in the UAC sample.

The distributions of misorientation angles for three titanium
samples are showed in Fig. 13. As the initial sample was annealed,
the correlated and uncorrelated misorientation angle distributions
show a similar behaviour with low concentration on the low angle
grain boundaries below 15° as shown in Fig. 13(a). For the compres-
sion and UAC samples, most of the misorientation angles are dis-
tributed in the range of 2-15°, indicating that large number of low
angle grain boundaries were induced by the deformation. And the
appearance of deformation twinning is proved by the two peak values
occurring in the correlated misorientation angles as shown in
Fig. 13(b).

4. Discussion
4.1. Residual hardening of aluminium

4.1.1. Microstructure evolution in aluminium due to ultrasonic
vibration

During the compression deformation of aluminium, the initial
grains were compressed and elongated. Within the initial grains, sub-
grains of almost equal size generated and appeared more elongated
than the initial grains by compression [32]. In this study the UAC
promoted the formation of sub-grains. Some studies have revealed the
microstructure formation caused by ultrasonic vibration, such as in
research into ultrasonic impact treatment (UIT), due to the high
dislocation density induced by ultrasonic vibration, more dislocations
tended to tangle and rearrange to form sub-grains and, with the mutual
rotation of neighbouring sub-grains, nano-scale grain structures being
obtained [33—-35]. With the application of ultrasonic vibration during
plastic deformation, an oscillatory stress field is superimposed onto the
initial driving stress field. According to reference [15], this super-
imposed stress field leads to the formation of sub-grains via enhancing
dipole annihilation. In the present study, with a critical misorientation
angle of 2°, the average distance between grain boundaries along the
compression direction, as shown in Table 2, decreases significantly
from 10.95 to 2.14 pm due to the compression-induced substructures.
Normally during plastic deformation, substructure or grain size
reduces with increasing strain until a certain large strain is reached,
at which there is a balance of dislocation propagation and annihilation.
It becomes difficult to form new dislocation walls and dislocation
tangles, resulting in difficulty in achieving further substructure refine-
ment. With ultrasonic vibration, dcp decreases to 1.55 um. This is
because the impact induces a high strain rate deformation in the local
area, causing a high dislocation density which continues the substruc-
ture refinement.

By comparing the dcp/drp ratio, it was found that for the UAC
sample, the dcp/drp ratio for 2° is higher than the one for 10° and 15°,
while for the compression sample the ratios are nearly the same.
Considering that the ultrasonic energy is mostly absorbed by the
dislocation and other grain defects such as grain boundaries, rather
than the whole material [3], thus it can be assumed that ultrasonic
vibration has more effects on the low angle grain boundaries, especially
sub-grain boundaries. The ultrasonic energy absorbed by the grain
boundaries leads to a more homogeneous deformation. Moreover, UAC
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Fig. 9. Orientation distribution functions of (a) initial sample, (b) compression sample, and (c) UAC sample.
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Fig. 10. Recrystallized grain fractions of (a) initial material, (b) quasi-static compression sample, and (¢) UAC sample. Lime grains represent recrystallized grains with internal average
misorientation angle below 1°; Yellow grains represent substructured grains which contains sub-grains, the internal average misorientation angle of the sub-grain is below 1° and the
misorientation angle between sub-grains is above 7.5°; and Navy blue grains are deformed grains with internal misorientation greater than 7.5°. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article).
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Fig. 11. Evolution of Taylor factors with deformation.

has been found to cause grain rotation during tensile testing of low
carbon steel [31]. Thus, grain boundary rotation is believed to
contribute to the rotational dynamic recrystallization. In this study,
the difference in texture between the compressed and UAC samples as
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shown in Fig. 9(b) and (c) could be caused by the rotation of grain
boundaries, which may lead to the dynamic recrystallization.

4.1.2. Boundary strengthening based on Hall-Petch Model

On the basis of the discussion above, with the application of
ultrasonic vibration to the compression test of aluminium, substruc-
tures such as low angle grain boundaries ( < 15°) and sub-grains will
increase and the texture will also evolve, resulting in a change in the
Taylor factor in comparison with the compression sample. The micro-
structural evolution of aluminium will lead to the residual hardening
effect. The mechanisms can be explained by the Hall-Petch model and
dislocation strengthening. The original Hall-Petch equation shows the
relationship between the yield stress o, and the grain size as follows
[36,371:

_ —1/2
6,=00+k Dgp

1)

where gy is the flow stress of an undeformed single crystal with
orientation for multiple slips. In this study oy is taken as 30 MPa [38],
K is a constant and Dgp is the grain size.

The relation between flow stress at a certain strain oy(¢) and grain
size is expressed by the Eq. [39]
o () = oy (e) + ki(e) D" 2

In Eq. (2), 6o(e) is the flow stress of the grain interior and kj(¢)
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Fig. 12. Band contrast map with twinning boundaries of (a) initial sample, (b) compression sample, and (c¢) UAC sample.

Table 3
Average distance between boundaries along compression and transverse directions.

Condition Angle (deg) dcp (um) drp (um) dcp/drp ratio
Initial 2 18.43 18.66 0.98
10 19.27 19.17 1.01
15 19.93 19.53 1.02
Compression 2 0.72 0.85 0.85
10 1.68 2.47 0.68
15 1.81 2.71 0.67
UAC 2 0.69 0.74 0.93
10 1.61 2.33 0.69
15 1.85 2.80 0.66
Table 4

Length fraction of twinning boundaries to the high angle grain boundaries.

Condition Deformation Misorientation axis/ Fraction (%)
twinning Angle

Compression {1012} < 1011 > <1120 > 85° 16.82
{1122} <1123 > <1010 > 64° 17.96

UAC {1012} <1011 > <1120> 85° 2.58
{1122} <1123 > <1010 > 64° 4.86

Dgg~Y/? represents the strengthening contribution due to the barrier
effect exerted by the grain boundaries to the motion of dislocation. In
references [40,41], the lamellar structures of deformed metals were
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analysed by a combination of extended geometrically necessary bound-
aries (GNBs) and interconnecting incidental dislocation boundaries
(IDBs). The dislocations were assumed to accumulate in the structures’
boundaries, and randomly distributed dislocations strengthened the
material. The dislocation density in the IDBs could be approximated
asl.55/P8+0'8/p, where S{”? and 0'°F are the area per unit volume of
IDBs and the average misorientation angle of IDBs, b is the Burgers
vector. Therefore, the flow stress o can be expressed as [42]:

oy=o+MaGby[1. 5S[PPe0™P5Ib  + py +Kypl| DGO 3)

where M is the Taylor factor, a is a constant taken as 0.24 for
aluminium [42], G is the shear modulus (26 GPa), b is the Burgers
vector (0.286 nm). As the dislocation density between the boundaries
o is relatively small compared to the dislocation density concentrated
on the grain boundaries, it can be neglected [43]. Kjp is the slope of the
Hall-Petch plot and can be determined by the tensile test of a fully
recrystallized polycrystalline sample. For aluminium, the Ky value can
be taken as 0.04 MPam'/?[44].DSVE® is the average slip distance that
is related to the perpendicular spacing between GNBs. In the following
discussion, the random distance between all boundaries Dy is used as a
substitute for DEVED[42].

For grain structures other than lamellar structures such as equiaxed
grains, the boundaries are more easily characterized as low angle grain
boundaries (LABs) and high angle grain boundaries (HABs) through
EBSD, neglecting p, Thus Eq. (3) can be rewritten as

oy=00+MaGby[1. 557 «0™8/b +Ky;p/\[Dp

C))
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Fig. 13. Misorientation angle distributions of (a) initial material, (b) compression
sample, and (¢) UAC sample of titanium.

where S8 and 948 are the area per unit volume and the average
misorientation angle of LABs, respectively. Denoting Sy as the area per
unit volume of all boundaries and the fraction of HABS as f/748, the
S{4® can be substituted as follows:

SHAB=S, (1 — fHAB) 5)

Since Sy equals 2/Dg [45], Eq. (4) can be rewritten as:
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Table 5
Parameters for Eq. (6) with different samples.

Condition M oLAB FHAB Dp (um)

Initial 2.438 4.745 0.401 10.95

Compressed 2.410 3.313 0.147 2.14

UAC 2.681 3.485 0.138 1.55
op=0o+[MaG30M8b (1-f18) +Kyp] Dz 6)

The parameters in Eq. (6) for the initial, compressed and UAC
samples were determined by the EBSD data, and are shown in Table 5.
The value of 9'48was transformed from degrees to radians for the
calculation in Eq. (6).

The calculated true stress for the compressed sample is 107.5 MPa.
The value of the calculated yield stress of the UAC sample is
132.2 MPa. For the compression sample, the calculated true stress
precisely matches with the experimental data as shown in Fig. 6(c) (no
vibration), which is about 106.9 MPa. But by comparing the calculated
yield stress of the UAC sample with the 6,4 represented offset yield
stress of the following compression process after the vibration was
stopped showed in Fig. 6(c) (60 s vibration), which is 120.0 MPa; it is
found that the calculated yield stress is 10.2% higher than the
experimental result. So the boundary strengthening method can give
an estimation of the residual hardening effect of aluminium subjected
to the UAC process.

4.2. Residual softening of UAC titanium

4.2.1. Evolution of deformation twinning

The deformation twinning is quite sensitive to the deformation rate.
Under the high strain rate deformation, the twinning mechanism is
more easily triggered [46]. Ultrasonic treatment can normally provide
only a small strain change to the material because of the limited
vibration amplitude. Due to the high frequency of ultrasonic treatment,
however, a high strain rate can still be achieved even with a minor
strain change during one cycle of ultrasonic treatment. In this study,
when the ultrasonic vibration was applied, the titanium sample was
already in plastic deformation status. Under this condition, the
ultrasonic vibration is assumed to cause a localized plastic deformation
to the sample which can be roughly evaluated by the vibration
amplitude, and if this ultrasonic vibration induced plastic deformation
was evenly distributed in the whole sample and the deformation is
equivalent to the vibration amplitude, the ultrasonic vibration induced
strain rate will be about 640.6 s~ when a 30.8 kHz vibration with an
amplitude of 10.4 ym was applied to the sample. With a localized
deformation, the actual strain rate induced by ultrasonic vibration
could be even higher. Thus the high strain rate deformation provided
by the ultrasonic vibration can promote the development of twinning.
Some previous studies of ultrasonic involvement in the processing of
titanium, such as in UIT [47,48] and surface mechanical attribution
treatment (SMAT) [49], have confirmed the formation of deformation
twinning due to ultrasonic treatment. But with the multiplication of the
twinning, the number of the twinning will reach to saturation in the
deformed specimen, then the twinning will subdivide the grains and
each other, leads to the grain refinement as well as the reduce of the
twinning boundaries [50]. The high strain rate deformation can
accelerate the formation of the twinning, so with the ultrasonic
vibration, the saturation point of the twinning will be achieved at a
smaller strain comparing with the normal compression. After the
saturation of twinning, the number of twinning will drop with
continuing deformation and the dominant deformation mechanism
for the titanium will be dislocation and slip. So that is the reason why
the UAC sample contains only a little twinning comparing with the
compression sample, and an obvious trend of plastic flow occurs.
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4.2.2. Deformation twinning induced hardening and softening

From the discussion above, deformation twinning is one of the
mechanisms of grain refinement because it can subdivide large grains
into smaller grains. According to a series of studies by Salem and his
colleagues [51-53], during the process of large deformation, large
amounts of deformation twinning were induced and caused a strain
hardening effect. And the overall strain hardening effect caused by
deformation twinning is a combined result of strain hardening via the
Hall-Petch mechanism (strengthen by grain refinement caused by
deformation twinning), the Basinski mechanism (increase of hardness
in the twinned region), and the texture softening due to reorientation of
the twinning [53]. Some researchers have investigated the softening
effect of deformation twinning. Jiang e t al [54] studied the softening
effect of deformation twinning of AM30 magnesium alloy, suggesting
that although generally the twin boundaries can act as barriers to
dislocation motion, they can transform glissile dislocation into sessile
dislocation within the twin interior and hence contribute to strength-
ening via the Basinski mechanism. However, twinning can also
accommodate strain along the c-axis to reduce the work hardening
effect, and the lattice rotation may also introduce a softening texture to
the material. The softening effect of twinning does not occur until the
volume fraction of twinning reaches a certain level, which is highly
temperature and strain rate related. And HCP titanium will present an
overall strain hardening effect due to the deformation twinning during
room temperature deformation [53].

In the present study, it is found that the fraction of twinning
boundaries in the UAC sample is quite small, only 7.44% in total to the
high angle grain boundaries, while in the compression sample this
number is 34.78% and the grain size of the UAC sample is similar to the
compression one. So with more fraction of deformation twinning, the
twinning induced strain hardening effect in normal compression
sample is more severe than the UAC sample, and makes the UAC
sample with less twinning exhibit a residual softening phenomenon.
Also as shown in Fig. 6(b), the residual effect of ultrasonic vibration to
the titanium samples gradually transferred from a hardening effect to a
softening effect with the increasing vibration amplitude, this change of
residual effects can be interpreted from the aspect of evolution of
twinning induced by ultrasonic vibration. With low vibration ampli-
tude, the ultrasonic vibration could induce more twinning in the UAC
sample than the compression, and cause a residual hardening effect;
however with larger vibration amplitude, as discussed, the ultrasonic
vibration can cause the saturation of twinning in the UAC sample, and
with less twinning in the UAC sample, it will present an residual
softening effect comparing with the compression one.

4.2.3. Ultrasonic vibration induced yield point elongation

Normally the HCP titanium exhibits gradual yielding during
deformation. However in the resent study of yield point elongation
(YPE) of HCP titanium conducted by Z Li et al. [55], it is found that
after being annealed for 20 min at 500 °C, the grain size of the titanium
sample increased from 80 nm to about 0.88 pm and then a yield point
elongation phenomenon was observed during the tensile test of the
sample. Although in present study all the experiments were carried out
in the room temperature, the sample was subjected to the ultrasonic
vibration before the occurrence of the residual softening effect and
yield point, and the ultrasonic vibration caused unload effect to the
sample as well as provided additional energy input to the sample. The
energy input through ultrasonic vibration is similar to the thermal
input but only more effective as it can directly act on the defects of the
material rather than the whole sample [3]. And as shown in Fig. 6(d),
after 60 s ultrasonic vibration treatment, there was YPE phenomenon
observed during the compression process of the titanium sample. So
the ultrasonic vibration could just played the same role as the thermal
treatment in the work of [55] and resulted the appearance of yield
point of titanium. According to the [55], the dislocation behaviour and
grain size influence are the main reason for YPE of titanium rather than
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the effect of twinning as reported in study of the YPE phenomenon
magnesium in [56]. The ultrasonic vibration induced yield point of
titanium is positively related to the vibration amplitude and duration,
and comparing with the gradual yielding, the occurrence of yield point
could also contribute to the residual softening effect on titanium.

5. Conclusion

UAC tests of aluminium and titanium were performed in this study.
The stress and strain relation in UAC testing of both aluminium and
titanium showed a similar ultrasonic softening effect, but the residual
effects of ultrasonic vibration on aluminium and titanium were
different. In aluminium, based on the EBSD analysis, the ultrasonic
vibration was found to cause the grain refinement and crystallite
rotation, such that the residual hardening effect could be explained
by the boundary strengthen mechanism based Hall-Petch effect. For
titanium, due to the deformation twinning can refine the grain size
during normal compression process, so the UAC did not reduce much
grain size comparing with normal compression. As the ultrasonic
vibration could promote the saturation of deformation twinning and
then with less twinning boundaries in the UAC sample, the deforma-
tion twinning induced strain hardening effect was weaken, so the UAC
titanium sample exhibit a residual softening effect. The ultrasonic
vibration also can work similar as thermal treatment to the titanium
sample and lead to the occurrence of yield point which could also
contribute to the residual softening effect.
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