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1. Introduction

A B S T R A C T

Acoustic softening is a phenomenon where metals exhibit a lower flow stress when excited by a vibration at
ultrasonic frequencies. This softening effect has been well documented in the literature, however, there are two
areas that require further in-depth analysis. The first relates to the wide range of reported softening responses for
the same alloy. The second relates to the use of coefficients and compensation factors when modeling the
acoustic softening phenomenon in a complex forming processes. This study investigates the changes in softening
response when altering specimen dimensions in ultrasonic assisted compression tests. Aluminum alloys (AA)
2024-O and AA7075-O were machined to different dimensions and compressed with ultrasonic assistance, to
investigate the relationship between specimen volume and softening response. An inverse relationship between
softening magnitude and sample volume was found. When relating this to acoustic energy density and stress, the
values are invariant because the standard acoustic equations cannot account for changes in specimen height. The
amplitude strain parameter, amplitude divided by the current specimen height, is introduced, and shown to
account for changes in specimen dimensions. In addition, the softening effect diminishes relative to the state of
strain. The results suggest acoustic softening is a function of the amplitude strain parameter and strain history.

strain and the change in flow stress can be represented by:

Acoustic softening is a phenomenon in which material exhibits a
lower flow stress when a vibration, typically above 20 kHz, is applied.
An early study from Blaha and Langenecker showed that the shear stress
in zinc single crystals decreased during ultrasonic excitation [1]. This
proved to be a significant finding as the required energy input was lower
than the requirement for thermal softening for an equivalent flow stress
reduction. The proposed driving mechanism is a localization of acoustic
energy at defect sites, such as dislocations, which lowers the critical
energy required for slip. Some researchers have suggested this effect to
be driven by material heating or simply the average stress during the
unloading phase of the vibration, termed stress superposition; however,
multiple studies have shown that sample heating does not reach hot
forming temperatures [2–6] and the stress superposition cannot fully
account for the reduction in flow stress [3,4].

Since this initial finding, acoustic softening has been demonstrated in
a variety of metals and their alloys including aluminum, copper, mag-
nesium, titanium, and steel [6–10]. The ultrasonic vibration is often
applied during the plastic regime for a short duration or finite amount of

σf =  
σUA (1)
Control

Δσ =
σControl   σUA · 100 (2)

Control

where the softening fraction, σf , is the ratio of the flow stress for the
ultrasonic assisted (UA) sample divided by the flow stress of the quasi-
static loaded or control sample. Δσ  is the softening magnitude which is
the percent change in stress relative to the control sample. Acoustic
variables such as acoustic energy density, intensity, and stress have been
used to correlate Δσ  and are represented by these equations:

E =
σacousticωλ = ρω2λ2 

[

m 3

]
(3)

[      ]
I  = ρcω2λ2      

m2 (4)
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E, I, σ are the acoustic energy, intensity, and stress terms respec-
tively. ρ is the density of the sample, ω is the angular frequency of the
ultrasonic horn, λ is the applied amplitude, c is the maximum speed of
sound in the sample, and E is the elastic modulus of the workpiece.
The acoustic stress and acoustic energy correlate to amplitude and
amplitude squared, respectively.

Since amplitude is the main variable in ultrasonic assisted experi-
ments, it is common to correlate the softening response to amplitude or
amplitude to the power of a constant. The reported literature has been
quite mixed in this correlation. Deshphande et al. performed ultrasonic
assisted compression (UAC) on aluminum wire and found correlations to
amplitude squared [11]. Wang et al. [12] observed a linear relationship
to amplitude in ultrasonic assistance to tensile tests (UAT) of copper
foils. Yao et al. [13] found UAC on commercially pure aluminum to
correlate linearly to the amplitude. Siddiq et al. [14] introduced Usoft =
(1   d · I) ut , where Usoft is the softening term, I is the acoustic intensity
(Eq. (4)), d and e are experimentally fitted constants; they used this
equation to modify the initial slip resistance in crystal plasticity
modeling of ultrasonic consolidation. Siddiq et al. [15] later modeled
other processes that used that same aluminum material but had to
change the value of e from 1 to 2.

In addition, the magnitude of softening reported for the same alloy
can vary significantly. Several UAC examples on commercially pure
aluminum are taken from literature. Daud et al. [3] observed a softening
effect of 38% when using an amplitude of 10 μm. Zhou et al. [7] ach-
ieved 37% softening with just a 4 μm amplitude. Yao et al. [13] found a
softening effect of 35% with only a 2 μm vibration amplitude. Possible
reasons for these differences include the state of strain of the sample at
which the excitation was applied and differences in material micro-
structure. Siu et al. [16] incorporated plastic strain using cold rolling
and characterized the softening in UA micro indentation experiments;
they observed a non-monotonic response for aluminum specimens. The
three cited examples [3,7,13], apply ultrasonic vibration between
strains of 0.15–0.20 and evaluates the softening at the very beginning.
The strain states are fairly close for this sample set and likely contributes
minorly to the variability. There are a few reports of grain size and
texture impacting the softening response. Ahmadi et al. [17] conducted
ultrasonic assisted equal channel angular press on commercially pure
aluminum with grain sizes ranging from 109 μm to 1 μm and discovered a
direct correlation between softening and grain size. In contrary, Wang et
al. [8] suggested in inverse relationship between grain size and soft-
ening in UAT of copper foils. Kang et al. [18] found that the sample
texture has a direct relationship in differences of softening response
when tensile testing copper sheet parallel or perpendicular to the rolled
direction. Although microstructural differences can be a plausible
explanation, a key difference in the cited studies is the size of the
compression specimens. Daud’s, Zhou’s, and Yao’s compression speci-
mens had heights of 8 mm, 4 mm, and 2 mm respectively.

Aside from fundamental compression and tension experiments,
acoustic softening has been tested on a variety of practical
manufacturing processes. Vahdati et al. [19] included a vibrating tool in
single point incremental forming of straight groves. Their results showed
greater strains were achieved due to acoustic softening and lower sur-
face roughness. Cheng et al. [20] applied vibrations to two-point in-
cremental forming, which uses a half-die as support. The forming force
decreased by 18% and thickness reductions were measured to be greater
than the applied amplitude of 3.2 μm. Aziz and Lucas [21] demonstrated
using ultrasonic vibrations in the press forming and showed a reduction
of 22% with an applied amplitude of 20 μm. Thus, there are a variety of
applications demonstrated to benefit from flow stress reductions.
However, the strategies on how to accurately model and predict the
response require further work. Sedaghat et al. [22] presented a
phenomenological model to simulate the expected forming in
compression, punch forming, and incremental forming. To do so, they
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used Kocks-Mecking’s dislocation evolution model where they lowered
the activation energy for dislocations to overcome barriers. However, it
was necessary to introduce two fitting constants for the punch and in-
cremental forming simulations: effect coefficient and active volume
parameter. The first coefficient accounts for the inefficient transfer of
energy from the transducer to the workpiece and the latter adjusts the
active volume of material participating in slip. This poses an interesting
situation for applying ultrasonic vibrations in deformation processes
more complex than tension and compression. If a parallel comparison is
drawn to hot forming, the higher the acoustic energy input into a finite
material volume, the greater the softening response. Zhou et al. [7]
initially demonstrated an inverse relationship between sample volume
and acoustic softening magnitude in UAC. They accomplished this by
reducing specimen height while maintaining a constant diameter. The
main emphasis was on volume effects but the sample height was not
further discussed. Sample height and softening correlated inversely.

This study further explores the relationship of specimen volume,
height, and strain on the softening magnitude and discusses the impli-
cations for acoustoplasticity in complex forming processes. Two
aluminum alloys, AA2024-O and AA7075-O are compressed with ul-
trasonic assistance to establish a relationship between acoustic softening
response and amplitude. Sample dimensions are later modified to
investigate the impact of acoustic softening on progressively smaller
specimen volumes. The results are plotted against common acoustic
terms including acoustic energy density and acoustic stress.

2. Methods

2.1. Materials

Two aluminum alloys, AA2024-O and AA7075-O were supplied by
The Boeing Company for this work. No additional heat treatment was
performed as the material was already annealed. The starting sheet
thickness is 1.60 mm and 3.18 mm for the AA2024-O and AA7075-O
materials respectively. An electric discharge machine (EDM) was used
to cut the samples into their appropriate dimensions listed in Table 1.

2.2. Experimental setup

The experimental setup was performed inside a Cincinnati CNC
machine, Fig. 1a, under displacement control. A Kistler dynamometer
9255A was used to measure the compressive forces during loading at a
sampling rate of 40 Hz.

The ultrasonic transducer, highlighted in the orange box in Fig. 1a,
operates similarly to welding and sonicating transducers where a stack
of piezoceramic disks, Fig. 1b, respond to alternating current/voltage by
mechanically dilating. This generates an elastic wave that propagates to
the tip of the transducer horn. The transducer operates at a frequency of
20 kHz and is powered by a Dukane generator model # 20VB480-2 L. A
Polytec OFV 3001 vibrometer controller & OFV-3038 laser was used to
measure the vibration amplitude of the horn. The stability of the
transducer was verified by measuring the vibration amplitude at
different loads; Minimal difference was observed between the unloaded
and loaded conditions. The compliance of the setup was measured
before compression experiments by loading the flat too against the
Kistler dynamometer. Engineering strain calculations within this work
are compliance corrected.

2.3. Ultrasonic-assisted compression – Transient test

To provide a basis for the expected softening effect for these alloys, a
transient ultrasonic application was first tested. AA2024-O samples with
dimensions of 2.27 mm and 1.60 mm in diameter and height, respec-
tively, were compressed using a constant cross head speed of 0.007 mm/
s. At roughly 0.04 mm platen travel, the vibrations were switched on for
the remainder of the test. The total displacement was set to 1.02 mm.
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Fig. 1. Experimental setup. a) CNC in which aluminum coupons are compressed against a rigid surface. The ultrasonic transducer is highlighted in the orange dotted
box. b) schematic of the internals in the transducer housing. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

Samples were compressed with increasing ultrasonic amplitudes ranging
from 0.63 μm to 5.36 μm. The final specimen height was measured after
unloading and the plastic strain was calculated accordingly.

2.4. Ultrasonic-assisted compression – Full UA

Ultrasonic vibrations were applied for the full compression loading
of AA2024-O and AA7075-O samples listed in Table 1 (Appendix).
Samples are first loaded to roughly 200–250 N and then vibrations were
switched on for the remainder of the compression test. The acquired
compression force is converted to engineering stress and strain and
compliance corrected. Results for the softening magnitude were taken
from a strain of 0.15. The displacement rate of 0.007 mm/s maintained
for this set of experiments as well. The strain hardening rate was
calculated for full UA compression tests defined by:

θ = 
dε (6)

2.5. Full application of ultrasonic vibrations – modified specimen
dimensions

Samples of AA2024-O and AA7075-O dimensions were varied ac-
cording to Table 1. Ultrasonic vibrations were switched on at a similar
compression force of 200–250 N and allowed to run for the remainder of
the test. The results are plotted in terms of engineering stress and strain.
Acoustic softening results presented in this work were calculated at an
engineering strain of 0.15 unless stated otherwise.

3. Results and discussion

3.1. Transient application of vibrations

The stress strain curve during the transient application of ultrasonic
vibrations on AA2024-O specimens is shown in Fig. 2. The initial loading
period up to 0.20 strain is the quasi-static loading without any ultrasonic
assistance. The transducer was activated at approximately 0.20 strain.
The vibration was switched off during the unloading portion of the test.
As the vibration amplitude increases from 0.63 μm to 5.36 μm, the
softening magnitude increases from 14.4% to 66.1% respectively. The
softening magnitude is commonly compared to the applied vibration
amplitude as shown in Fig. 3a. A linear relationship to the applied

Fig. 2. Compression of AA2024-O coupons at various ultrasonic vibra-
tion amplitudes.

amplitude was found for AA2024-O material. The unloaded specimen
height was measured to characterize the plastic strain. The results, in
Fig. 3b, indicates higher plastic deformation of compressed samples with
increase vibration amplitude. The results can be compared to similar
load or displacement-controlled experiments in literature. Siu et al. [23]
conducted load control indentation tests and found larger deformation
areas when adding ultrasonic assistance. Lum et al. [24] performed load
and displacement-controlled ball bonding of gold and found higher
plastic strains with increasing amplitudes. Given the known compliance
of the system and cross head travel, the sample spring-back was back
calculated and shown to decrease with increasing amplitude. This co-
incides with the proposed dislocation annihilation mechanism in
acoustic softening leading to a reduction in stored defect energy and
thus, less resistance to slip. This effect can be observed right at the start of
adding the vibrations. The drop in stress lowers the elastic deflection of
the platen which would imply an immediate increase in the strain of
the sample.
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Fig. 3. a) Acoustic softening calculated from compression testing of AA2024-O coupons. b) System compliance, plastic deformation, and sample springback
compared to the applied amplitude.

3.2. Full application of ultrasonic vibrations

AA2024-O specimens were first loaded to an applied force of
200–250 N from which vibrations were applied for the remainder of the
test. The engineering stress and strain are plotted in Fig. 4a for vibra-
tions amplitudes of 0.63 μm, 2.99 μm, and 4.87 μm. Like the transient
application of UA, the softening effect has a positive correlation to
amplitude. The softening ratio plotted in Fig. 4b is based on Eq. (1). At
initial strains, the softening effect is maximum and decreases as the
sample is strained further. Since acoustoplasticity is known to change
the resulting microstructure, potentially leaving a residual hardening or
softening effect, a similar argument can be made about the specimen
state of strain influencing the softening magnitude. During the early
stages of strain, the material deforms through multi-slip and resembles a
dislocation forest like defect structure. At higher strains, these disloca-
tions coalesce into lower energy defect structures such as subgrains
which has been documented in the deformation of aluminum using UA
[23]. The results suggest the internal defect structure at higher strains
benefits less from the acoustic softening phenomenon or possibly
impeding the effect because of higher attenuation.

The strain hardening rate, Fig. 5, of the control sample and 0.63 μm
sample are similar. Raising the amplitude to 2.99 μm shows a slight
decrease in the strain hardening rate and an even greater decrease with
the 4.87 μm sample. Most literature reports do not specify the strain
hardening rate during UA, however, the work of Zhou et al. [7] provides
insight into residual effects after turning vibrations off. Zhou performed
UA compression tests on commercially pure aluminum with an ampli-
tude of 4.65 μm for different time and strain durations. Their work
showed residual hardening is possible after 24s or roughly Δ  0.093
strain. Shorter times with UA excitation showed no changes in residual
hardening and longer times led to greater hardening effects. Therefore,
depending on either the duration or strain under UA, the internal defect
structure becomes distinct from the quasi-static loading sample. Based
on the work of Yao et al. [13], the lower strain hardening behavior

Fig. 5. Strain hardening rate of full ultrasonic assisted compression specimens.

shown in Fig. 5 is a combination of less dislocation generation and more
facilitation of dislocation annihilation. To make claims on permanent
differences in dislocation structure and density, microscopy techniques
that delineate the differences in statistically stored dislocations are
needed.

3.3. Effect of specimen volume on acoustic softening

AA2024-O and AA7075-O compression specimens were cut to a va-
riety of dimensions listed in Table 1. Full UA application was imple-
mented for these tests. The acoustic softening magnitude, Δσ, was
calculated at a strain of 0.15 and plotted in Fig. 6 for comparison. In all

Fig. 4. Full ultrasonic assisted compression of AA2024-O. a) Stress-strain curve and b) the corresponding acoustic softening fraction at those amplitudes.
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would be similar to acoustic energy density as I�λ2.This is a possible
explanation for large variations in acoustic softening reported in liter-
ature. For example, Yao [13] observed softening percentages up to 35%
with a 2 μm amplitude while Aziz [25] required an amplitude of 20 μm to
achieve 32% softening. Their commercially pure aluminum sample
heights were 2 mm and 8 mm for Yao and Aziz experiments respectively
[13,25]. Although their samples may differ in microstructure, the sam-
ple set presented in this work were machined from the same sheet. The
main difference that delineates a greater response is the sample di-
mensions. Here, we propose a parameter called amplitude strain which
accounts for changes in the specimen height during compression testing.
The amplitude strain is represented in Eq. (7):

λε = hε
(7)

Fig. 6. Ultrasonic assisted compression of AA2024O and AA7075O alloys
grouped by their dimensions and volumes.

cases, a reduction in specimen volume resulted in a greater softening
response. This reaffirms the initial results reported by Zhou [4].
Increasing the vibration amplitude from 2.99 μm to 3.22 μm, increased
the softening effect for the same volume as expected.

Given the influence vibrations have on friction conditions, termed
surface effects, the results for the 3.18 mm diameter AA7075-O sample
could be exhibiting greater softening due to lower friction conditions
[3]. To demonstrate the impact of a change in diameter, two AA2024-O
samples of the same height and different diameters were tested. The
larger diameter sample showed a smaller softening magnitude. Thus, the
higher softening response for the 3.22 μm data set are primarily driven
by softening in the bulk of the sample.

Based on the trendline from Fig. 3a, increasing the vibration
amplitude from 2.99 μm to 3.22 μm should improve the softening effect
by roughly 5.0%. When comparing the response for the AA7075-O alloy
in Fig. 6, the softening improved 15.8% under equivalent sample volume
of 12.5 mm . As the sample volume decreases, the trendlines between
the 2.99 μm and 3.22 μm data sets appear to converge instead of being
equidistant. From an energy perspective, as the sample volume de-
creases, the acoustic energy density reaches a critical point which de-
fines an upper limit of acoustoplasticity. The softening response of these
sample sets are plotted relative to common acoustic parameters such as
acoustic energy, intensity, or stress based on Eqs. (3)–(5). The acoustic
energy density and acoustic stress, Fig. 7a and b respectively, are
invariant to the changes in sample dimensions as indicated by a vertical
trend. The acoustic intensity was not plotted here because the results

where the amplitude strain λε, is the applied amplitude λ, divided by the
height of the specimen h , at a given strain. The λ parameter, calculated at
a specimen strain of 0.15, was plotted in Fig. 8 and showed a linear fit
across sample sets of different dimensions. The results were further
divided into their respective alloys in Fig. 9a and still maintained a close
correlation. Incorporating the strain of the specimen is necessary based
on Fig. 9b. As the material stores more internal defects, the micro-
structure hinders the beneficial effects of acoustoplasticity. This trend
was found to be true for the 0.63 μm and 4.87 μm samples as well
however, the spread in response was not as large as the 9% difference in

Fig.     8. Acoustic     softening     response     compared     to     the     amplitude
strain parameter.

Fig. 7. Acoustic softening of AA2024-O and AA7075-O specimens at 0.15 strain. a) acoustic energy density (refer to Eq. (3)) and b) acoustic stress (refer to Eq. (5)).
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Fig. 9. Ultrasonic assisted compression of AA2024O and AA7075O alloys. a) grouping based on alloy type. b) acoustic softening percent calculated at different
engineering strains from a AA2024-O full ultrasonic assisted compression test.

Fig. 9b. AA2024-O samples with 0.63 μm and 4.87 μm applied ampli-
tudes both showed a spread of ~5% comparing values at 0.15 and 0.35
strain. An interesting aspect to note is the non-zero Y-intercept when
extrapolating the results in Fig. 6. This deviates from the trend in Fig. 3a. A
simple explanation would be that the trend is not linear but instead
asymptotic where the softening converges towards 0 as the amplitude
strain approaches 0. Frictional effects at low amplitude strains may
contribute to a non-zero intercept extrapolation. Finally, the deviation
from the trend in Fig. 6 might be due to changes in internal micro-
structure as the vibration assistance was applied for the full duration of
the compression test. This observation requires further study.

As shown in Fig. 8a, AA7075-O has an inherently lower slope
compared to AA2024-O material which can be due to multiple reasons.
First, Ahmadi et al. [13] performed equal-channel angular press on
commercial pure aluminum with different grains size and observed a
direct correlation between softening and grain size. To characterize the
grain size, both alloys were ground, polished, and electrolytically etched
using a Barker’s reagent. Fig. 10a and b represent the transverse direc-
tion | normal direction micrographs of the AA2024-O and AA7075-O
under polarize light. Qualitatively, the grains in the AA2024-O sample
are larger than the AA7075-O alloy. The histograms of grain length
along the normal direction (Fig. 10c) and the transverse direction

(Fig. 10d) support the visual micrographs. Additional information on the
texture of the two alloys can be found in the Appendix, Fig. 12.

A second factor is the precipitate microstructure in these age hard-
enable alloys. The secondary electron micrographs in Fig. 11 suggest a
higher density and finer precipitates in the AA7075-O alloy. In addition
to nucleated precipitates, solute remaining in the matrix contribute to
solute strengthen. Given the difficulty in quantifying and controlling the
precipitate characteristics, there have not been experimental studies in
literature to the authors knowledge. Investigation of the acoustic soft-
ening behavior in AA7075 at different heat-treated stages would be
impactful as the alloy is commonly deformed right after solutionzing, in
the W temper state, followed by a quench and precipitation heat
treatment.

3.4. Incorporating amplitude strain in existing acoustoplasticity models

Results from Fig. 6 supports the notion of higher acoustic energy
input leading to greater softening effects. However, the invariance in
acoustic energy density and stress terms imply that the terms are not
representative, and that softening is driven by another experimental
factor: amplitude strain λ . This new finding suggests that the softening
effect is directly related to the amplitude strain and provides some

Fig. 10. Barker’s etched micrographs of a) AA2024-O and b) AA70750-O. Histograms of grain length in the c) normal direction and d) transverse direction.
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Fig. 11. Secondary electron micrographs of a) AA2024-O and b) AA7075-O.

clarity on the wide range of softening responses reported in literature.
This amplitude strain component can be incorporated in crystal plas-
ticity and dislocation evolution models commonly used in the commu-
nity. Yao used a dislocation density model and introduced a stress
reduction ratio Δλ  [13]:

(  )
Δλ =    β 

̂
(8)

where τ is the critical resolved shear stress required for slip, E is the
acoustic energy density (Eq. (3)), and β and m are experimental fitted
parameters. Based on their UAC experiments, a value of 0.5 was fitted
for m which suggests a linear correlation to amplitude. To obtain the
shear stress under ultrasonic assisted conditions:

τUA = τ[1   λ] = τ [1   (χ · λε + C )] (9)

where χ refers to the slope of the amplitude strain plot in Fig. 8, λε is the
amplitude strain parameter and C represents the y-intercept. λ is equal to
χ · λ . Yao et al. [13] further bask extrapolated the dislocation storage
and annihilation coefficient in the MK model to obtain the full
phenomenological relationship.

In crystal plasticity models, the critical resolve shear stress is simi-
larly modified to represent softening by the shear strain rate equation
[14,15]:

γ̇α = γ̇ 0 sgn(τα)
{ 

α 
τα        } n

(10)
soft

γ̇0 is the pre-exponential factor or frequency factor, τα is the resolved
shear stress on a slip plane, τα is the critical resolved shear stress, and
Usoft is the acoustic softening parameter. Siddiq represented the Usoft by:

Sedaghat, have inherent strain gradients and a distribution of λ in each
element [22]. Further work on modeling deformation processes with a
strain and λε distribution is worthwhile.

4. Conclusion

Two aluminum alloys, AA2024-O and AA7075-O were compressed
using ultrasonic assistance. The effect of specimen volume and di-
mensions were investigated in this study and their implications on
complex forming processes was discussed. The findings of this work are
summarized:

· Acoustic softening magnitude correlates linearly with the applied
vibration amplitude for AA2024-O and AA7075-O materials.

· Plastic strain increases and springback decreases with higher applied
amplitudes.

· Reducing the specimen height and volume while maintaining the
same applied amplitude results in a higher acoustic softening
response.

· Acoustic energy, intensity, and stress terms are invariant to changes
in specimen height. Instead, amplitude strain λ is required to ac-
curate represent these differences in response.
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Usoft = (1   dut · Iultrasonic)eut (11)

dut and eut are experimentally fit parameters and Iultrasonic is the
acoustic intensity (Eq. (4)). Similarly, d · I can be replaced by λ.

Aside from reducing the activation energy required for slip, others
have suggested a change in the pre-exponential factor γ̇0 or the bypass
attempt frequency to be significant in driving the acoustic softening
effect [7,16]. Siu et al. [26] and Cheng et al. [27] modeled the acoustic
softening response using dislocation dynamics (DD) simulation and
suggested that during the unloading portion of the vibration, disloca-
tions are allowed to travel in reverse motion spurred by the relief of
applied stress and dislocation-dislocation interactions. Under combined
forward and reverse motion, the dislocations are interacting with com-
plementary dipoles for annihilation or allowed to cross slip in search
annihilation sites. Considering this framework of relative strain as the
driver of softening magnitude, the necessity of using efficiency and
compensation coefficients in more complex ultrasonic assisted forming
processes arise from variability in amplitude strain distribution. Press
forming and incremental forming, demonstrated by the models from
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Appendix
Table 1
Compression specimen dimensions

Aluminum Alloy

7075-O

2024-O

Test(s)

Volume Effect & Amplitude Strain

Volume Effect & Amplitude Strain

Intermittent application of ultrasonic vibrations

Diameter (mm)

2.27
2.27
2.27
2.27
2.27
3.18
3.18
3.18
3.18
3.18
2.27

3

2.27

Height (mm)

3.18
3.18
1.87
1.87
0.88
1.62
1.62
1.62
0.96
0.96
1.6

1.6

Amplitude (μm)

2.99
2.99
2.99
2.99
2.99
3.22
3.22
3.22
3.22
3.22
0.63
2.99
4.87
0.63
2.99
4.87
0.63
1.95
2.36
2.77
2.99
3.58
3.99
4.41
4.87
5.36

Volume (mm3)

12.85
12.85
7.57
7.57
3.56
12.85
12.85
12.85
7.61
7.61
6.48
6.48
6.48
11.31
11.31
11.31
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
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Fig. 12. Orientation distribution function of a) AA2024-O and b) AA7075-O textures.
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