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Abstract: The AA7050 alloy prepared through the standard industrial hot-forging cycle has been
investigated by means of isothermal mechanical spectroscopy (MS) from room temperature up to
185 °C. Each MS test consisted of a cycle with two stages, at increasing and decreasing strain. After each
cycle the damping value resulted to be higher than the original one indicating the occurrence of
an irreversible transformation. Such phenomenon, observed for all the test temperatures, becomes
more relevant for T > 150 °C. The irreversible transformation has been discussed and explained by
considering the evolution of the mean dislocation link length between pinning points represented by
nanometric MgZn, precipitates. The breakaway of dislocation segments from pinning points occurs
in the stage at increasing strain and is not fully recovered during the second stage at decreasing strain
thus the mean link length increases in a MS test cycle. The onset of thermal activated dislocation
cross-slip at about 150 °C favors the dislocation breakaway and consequently enhances the effect
on damping.
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1. Introduction

Thanks to their light weight, workability and relative low cost, the Al alloys are widely used for
structural aeronautic applications [1-3]. AA7050 is one of the best performing alloys of the 7XXX series
for the good balance of high strength, corrosion resistance and toughness [4,5] achieved by controlling
recrystallization during and after hot forming processes [6-10] and is mainly employed for fuselage
structures, wing coverings, landing gear supports and rivets.

Components with complex geometric shape are often produced by closed-die forging and several
works about the hot deformation behavior can be found in literature [11-13]. To reach the optimal
precipitate distribution and guarantee the best mechanical properties, the AMS 4333 International
Standard prescribes that components made of AA7050 alloy undergo a cold deformation step (5% max)
between quenching and aging steps [14,15].

Instead of cold deformation, an innovative process, proposed by the present investigators [16,17],
adopts an intermediate warm deformation step in the temperature range 150-200 °C. This process
improves fracture toughness without detrimental effects on yield stress and ultimate tensile strength.
Moreover, it reduces the microstructural heterogeneity by grain refining. In fact, dislocation cross-slip
occurring during deformation in this temperature range allows a general grain re-orientation and the
sub-boundaries present inside the grains tend to evolve towards high-angle boundaries: the higher
the deformation temperature, the easier the process. The process, described in many papers [7,18-20],
is defined by some investigators Continuous Dynamic Recrystallization (CDR). Other phenomena,
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such us strain hardening [21,22] and recovery [23], depend on how the dislocation structure evolves
and how dislocations interact with other defects. Cross-slip is recognized as an effective mechanism
that favors the bypass of obstacles by dislocations and affects their final structure [24].

In order to better understand the phenomena occurring during warm deformation of AA7050 alloy
isothermal mechanical spectroscopy (MS) measurements have been performed at different temperatures,
from room temperature to 185 °C. The knowledge of damping under different conditions of strain
and temperature can be useful for solving practical industrial problems [25-29] and investigating
basic aspects of materials science [30,31]. Damping is connected to anelastic phenomena occurring
in a solid body and its variations provide information about a number of microstructural processes,
some of them not detectable by other experimental techniques; the formal theory of anelasticity and an
exhaustive description of specific physical mechanisms leading to an anelastic response of a material
to an applied stress can be found in the classic book of Nowick and Berry [32]. MS has been used to
study a great variety of metals and alloys after different thermo-mechanical treatments. For example,
recently damping variations depending on microstructural features (dislocations, stacking faults and
twins) in extruded pure Mg after plastic deformation and subsequent annealing treatments have been
investigated by Kim and Park [33] while Tang et al. [34] studied the effect of Y content in extruded
Mg. The effects of the annealing temperature on damping in an Fe11Cr-2.5Mo-0.1Zr-1.0Ni forged alloy
have been investigated by Chen et al. [35].

The MS technique is quite sensitive to the motion of lattice defects like dislocations, therefore
isothermal MS tests have been performed along a cycle with increasing and decreasing strain for
investigating the mechanical behavior at strain levels well below those typical of the macroscopic
plastic deformation.

2. Materials and Methods

The nominal chemical composition of the AA7050 alloy is reported in Table 1.

Table 1. Nominal chemical composition of the AA7050 alloy (wt %).

Elements Al Zr Si Fe Cu Mn Mg Cr Zn Ti
wt (%) Bal. 0.12 <0.12 <0.15  2.30 <010 220 <0.04 625 <0.05

The samples for the MS experiments have been prepared by using the standard industrial
hot-forging cycle for AA7050 alloy (according to AMS2770R) which prescribes a cold deformation
step (5% max) followed by two aging steps (see Table 2). The aging steps produce the precipitation
of MgZn; phase [17] that is responsible for the increased tensile properties compared to those of the
un-aged alloy [36].

Table 2. Standard industrial hot-forging cycle of AA7050 alloy (according to AMS 4333 International
Standard).

1- Total section area reduction: 75%

2- Solubilization treatment: Temperature = 475 °C/Soaking time: 5 h
3- Water quenching

4- Room temperature up-setting: 5% max

5- Aging in two steps: 121 °C for 5h + 177 °C for 8 h

The microstructure of the samples has been characterized by means of a scanning electron
microscope SEM-FEG (SEM FEG LEO 1550 ZEISS McQuairie, London, UK) equipped with an EDS
OXFORD X ACT system (v2.2, Oxford Instruments, Abington, UK). MgZn, phase forms both along
grain boundaries and inside the grains (see Figure 1a,b). The image in Figure 1a shows particles of
~200-300 nm along grain boundaries while finer precipitates of ~10-20 nm in the grain interior are
evidenced in (b). Through the image analysis of ten micrographs taken at the same magnification of
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that in Figure 1b, a mean distance between the nanometric precipitates inside the grains of ~30 nm
was determined. The image processing and quantitative analysis has been performed by using the
software IMAGE-] Fiji 1.46 (National Institute of Health, 20892 Bethesda, Rockville Pike, MD, USA).

(b)

Figure 1. Precipitation of MgZn, phase following the standard industrial hot-forging cycle. The image
in (a) shows the precipitation of large MgZn, particles along grain boundaries. The image in (b) at
higher magnification displays the presence of nanometric precipitates inside the grains.

MS experiments were carried out using bar-shaped samples (60 mm X 7 mm X 0.5 mm) excited by
flexural vibrations and operating in conditions of resonance with resonance frequency in the range
of kHz. The VRA 1604 apparatus (CANTIL Srl, Bologna, Italy) used in MS experiments has been
described in ref. [37]. Isothermal measurements at different temperatures (50, 100, 150, 165, 175 and
185 °C) were carried out by changing the strain step by step from 8 x 107 to 6 x 10~* and vice versa.
The strain levels, which are well below those typical of macroscopic plastic deformation, are high
enough to induce strain dependent damping.

To prevent possible microstructure transformations before MS tests the samples were heated to
the test temperature with an average rate of 100 °C/minute. The apparatus has an automatic system for
controlling the temperature that slows down the heating rate when the final temperature is approaching.
The final temperature is stabilized in 1-2 min (depending on the temperature), namely a time whose
effect on precipitation of MgZn; particles can be considered negligible for the temperatures examined
in present work.
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The damping (Q71) was determined from the logarithmic decay 6 of flexural vibrations:

A B

=—In
. kn Ak

)

being A, and A4 the amplitude of the n-th and n + k-th vibration, respectively.

The samples before and after the MS run tests have been examined through X-ray diffraction
(Philips, Eindhoven, The Netherlands) (XRD) by using the radiation Cu-Ko (A = 0.15408 nm). The spectra
were collected in step-scanning mode with 20 steps of 0.05° and counting time of 10 s per step in the
angular range 20-100°.

Figure 2 shows the XRD pattern of the original material. The relative intensities of the strongest
diffraction lines are reported in Table 3 and compared with those of International Centre for Diffraction
Data (ICCD) database (4-787 file) [38] corresponding to Al with random oriented grains. From the
comparison it is evident that the examined material exhibits a strong cubic texture, namely the grains
are mainly oriented along the (100) direction.
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Figure 2. XRD pattern of the AA7050 alloy after the standard industrial hot-forging cycle.

Table 3. Relative intensities of the XRD peaks of the AA7050 alloy after standard industrial hot-forging
cycle. Data from the 4-787 file of JCPDS-ICCD database corresponding to Al with random oriented
grains are reported for comparison.

Relative Intensities of XRD Peaks

Samples
111 200 220 311 222 400
AA7050 23 100 3 5 2 7
JCPDS-ICCD
4.787 100 47 22 24 7 2

Electron backscatter diffraction (EBSD) characterization published in a previous paper [17] showed
the presence of sub-grains inside the grains of larger size. The mean size of grains was 9.4 + 0.6 pm
and that of sub-grains was 4 + 0.3 pm.

High precision peak profiles of the most intense reflections were recorded with 20 steps of 0.005°
and counting time of 20 s per step. The dislocation density g in original material and after MS test runs
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was determined by analyzing the broadening of high precision peak profiles. The total half height
linewidth B of the XRD lines can be expressed as:

A
Br = Bp + Be Deoso T etan 0 )

being A the X-ray wavelength, 0 the Bragg’s angle, fp and f, the contributions due to the size D of
coherently diffracting domains and microstrains ¢, respectively. From EBSD results, the first term
(Bp) in the Equation (2) can be neglected and fr = e. By introducing the measured pr values the
micro-strains ¢ have been determined and the corresponding dislocations density has been then
calculated through the Williamson-Smallman relationship [39]:

Ke?
== 3

where K is a parameter = 16, b = 0.2856 nm is the modulus of Burgers vector and ky = 1 is a factor

depending on dislocation interaction. After the standard industrial hot-forging cycle the dislocation

density of AA7050 alloy resulted to be 1.4 x 10'® m~2

3. Results and Discussion

Isothermal MS tests provided internal friction (Q71) vs. strain (&) curves at different temperatures.
Figure 3 shows the curves obtained in test runs at 50, 100, 150, 165 and 185 °C; open circles indicate
the values measured during the stage at increasing strain, solid circles at decreasing strain. In the
first stage of all the curves Q™! progressively increases with strain and exhibits a sharp slope change
in corresponding of a critical strain. In general, damping can be considered as the sum of two
contributions, one independent (Q71)) and the other one dependent on the strain Q7 1p):
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Figure 3. Cont.
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Figure 3. Q! vs. ¢ curves obtained in test runs carried out at 50 °C (a), 100 °C (b), 150 °C (c), 165 °C
(d) and 185 °C (e).

For the strains involved in present experiments, there is a strain dependent Q™! contribution.
According to the Granato-Liicke (GL) string model [32,40,41], the strain dependent damping is
connected to dislocation breakaway from pinning points and can be expressed by the equation:

o= (2)orl=5)
being C; and C, two constants related to the microstructural features:
QA \(pL?
= (=2) 2 e (6)
712 lo
Cr =1 ?)
lo

where () is an orientation factor taking into account the contributions of dislocations in each of the
slip systems, Ag = 4(1 — v)/n?, being v the Poisson’s ratio, p the dislocation density, [y the average
dislocation link length, E a factor depending on the anisotropy of elastic constants, 2 = 0.404 nm the
lattice parameter, 1 the size factor of the pinning solute atoms with respect to the solvent.
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According to Equation (5), the GL plot, i.e., log (.Q71p) vs. €71, should exhibit a linear trend,
however this is not observed in present experiments. For example, Figure 4 shows the GL plot of
a sample tested at 50 °C which substantially exhibits two different slopes. On the other hand, it is
evident that all the curves in Figure 3 do not have a simple exponential trend.

107 -

0.5 1.0 1.5 2.0 25
e x10°4

Figure 4. Mechanical spectroscopy (MS) test at 50 °C: the Granato-Liicke (GL) plot exhibits a change
of slope.

The GL model has been developed to explain the behavior of pure metals where point defects
represent the only pinning points of dislocation segments. In the case of the AA7050 alloy submitted
to the standard industrial hot-forging cycle, the microstructure exhibits a diffuse precipitation inside
the grains (see Figure 1b) and MgZn, particles strongly contribute to pin the dislocations. Therefore,
in the present experiments, two types of pinning points with different characteristics are present and
the two slopes observed in Figure 4 can be explained by considering the depinning from point defects
(low strain branch) and from precipitates (high strain branch). The presence of different mechanisms
playing a key role on damping in the low and high strain regions has been observed also in other Al
alloys; for instance, in Al-Mg alloys the absorption of Mg atoms into the stacking faults is dominant at
low strain whereas the movement of extended dislocations is prevalent at high strain [42].

MgZn, particles are immobile obstacles to dislocation motion and their density is scarcely affected
by the test temperatures and times involved in present experiments whereas vacancy concentration
and mobility are strongly temperature dependent (see Figure 5). The curves of vacancy concentration
(n/N) and migration speed v have been calculated by means of the relationships:

E
f
%:fﬁ ®)
_Em
v = Ae RT )

where 7 is the number of vacancies, N the total number of atoms, R the gas constant, T the temperature,
Ef the vacancy formation energy (17.525 cal/mole), E;, the vacancy migration energy (14.300 cal/mole)
and A is a constant (210'°). In spite of the strong dependency on temperature, the vacancy concentration
reaches a maximum value of about 5 X 1077 at the maximum test temperature considered here (185 °C);
thus, the effect of pinning due to point defects is quite lower with respect to that due to particles.
In turn, vacancies are quite mobile and dislocation pinning can be easily restored. Moreover, data in
Figure 5 highlight that the mean distance between vacancies is greater than that between precipitates.
For example, at 185 °C the mean distance between vacancies is estimated to be of the order of 170 nm
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whereas the mean spacing between MgZn, nanoparticles is about 30 nm. Of course, at temperatures
below 185 °C, the concentration of vacancies is lower and the distance between them is still greater.

Vacancy concentration

10° —o—g 10’
E -o- Vacancy concentration o /O/o ]
107 = -e- Migration speed /./' E -
2 P 3 v
10 | g/ T 7 Q
10 E /9/ = 10 g
E 3 S
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E E [0}
] // ] 7]
N a (2]
107 /3/ = 10° §
3 ®
® ] o
10™° E o/ E é’
10'14 1 | 1 1 1 ] 103
0 40 80 120 160 200

Temperature (°C)

Figure 5. Vacancy concentration and migration speed vs. temperature in the range of MS experiments.

Another relevant aspect of the curves in Figure 3 is that after a complete test run (increasing
and decreasing strain) the final damping value (Q~!), is always higher than the initial one (Q7');.
To highlight this phenomenon, the case of the curve obtained by testing the alloy at 50 °C is examined

in detail in Figure 6.
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Figure 6. Q! vs. ¢ curve obtained by testing the alloy at 50 °C.

As strain increases damping (open circles) increases too with a trend which can be described by an

exponential law up to point A where the curve slope abruptly changes and becomes steeper. At point
B, the value of Q7! does not change anymore and exhibits a plateau (not displayed in Figure 6). In the
reverse part of the test cycle, when ¢ decreases damping (close circles) remains nearly constant from
B to C, then it drops down to point D and finally exhibits a slower decrease. After the completion
of the test run, when the strain equals the initial one, the damping value (Q7 1), is higher than the
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initial one (Q7!);. Such a difference indicates the occurrence of an irreversible transformation of
the microstructure.

In the specific case displayed in Figure 6 Q™Y — Q™Y =2 AQ Y — AQ Yep; therefore,
the damping increase A(Q~')4p due to dislocation depinning from MgZn, particles is partially
recovered in the stage at decreasing strain, —A(Q Yep, and the difference between final and initial
damping, (Q71)2 — (Q~1), represents the effect of dislocation segments remaining unpinned. Figure 7
schematically shows the steps of such a process.

[
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Figure 7. Evolution of pinning of dislocation segments during the MS test cycle: (a) original condition
without strain; (b) dislocation segments bow owing to the applied strain that is not enough high to
cause breakaway; (c) as strain increases some segments become free from pinning points; (d) further
strain increase leads to the breakaway of more segments; (e) in the cycle stage with decreasing strain,
partial pinning of segments occurs.
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The initial curve branch (up to point A) is connected to depinning from point defects and,
as expected due to the high vacancy mobility (Figure 5), the damping effect is fully recovered in the
final branch (from point D to the cycle end). In other terms, the increase of strain causes dislocation
depinning from both point defects and precipitates, however in the successive stage at decreasing
strain pinning by point defects is fully recovered whereas that by MgZn; particles only in part. Some
dislocation segments, which unlock from particles in the first stage of the strain cycle, remain free
during the second stage; thus, the mean dislocation link length increases with a consequent damping
increase. In the following, the final damping will be used to calculate the variation of dislocation link
length in MS tests at the examined temperatures.

If the test temperature T > 150 °C (Figure 3c—e) the damping drop A(Q!)cp during the cycle stage
at decreasing strain (Figure 6) is no more observed but the final value of Q7! is always higher than the
initial one. That means that dislocation segments which are depinned from precipitates during the
stage at increasing strain remain free during the second stage.

The high-temperature interaction of dislocations with precipitates in Al alloys has been investigated
in real time by Clark et al. [43]. In situ TEM observations of samples deformed at elevated
temperature evidenced a bypass mechanism involving the interaction of lattice dislocations with the
precipitate-matrix interface dislocations. It is well known from creep data [44] that Al has three different
regimes of deformation with specific activation energies H of dislocation motion: (i) H = 0.15 eV for
the motion through the stress field due to other dislocations, (ii) H = 1.21 eV for thermally activated
cross-slip and (iii) H = 1.55 eV for climb. These regimes are specific of different temperature ranges and
the transition from regime 1 to 2 spans from about 130 to 260 °C. Therefore, for T > 150 °C, thermally
activated cross-slip contributes to dislocation depinning from MgZn;, particles and its role increases
with temperature. Breakaway of dislocation segments from precipitates by cross-slip is irreversible
and after a test cycle the mean length of dislocation segments is expected to increase with consequent
damping increase.

By the comparison of the curves in Figure 3, it is evident that temperature plays a key role and
affects the critical strain ¢* corresponding to the slope change, the damping saturation Q™! value (point
B in Figure 6) and the final damping (Q~!),. As temperature increases, the critical strain determining
the slope change in the Q7! vs. ¢ curves becomes progressively smaller; therefore, the origin of such
variation is clearly connected to a thermally activated process, i.e., cross-slip.

Another effect of temperature is to enhance both the damping saturation, which passes from
~1.6 x 1073 for tests at 50 °C to ~3.7 x 1073 at 185 °C, and the final value (Q!),. These results are
shown in Figure 8.

4 0.004
—O0— &= (u]
—1
o— Qg /
—1
Q) o

0.002 T
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e x 104
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7\
ii//o

:I\

1 1 " 1 " 1 " 1 " 1

0Ll— — — 0.000
40 60 80 100 120 140 160 180 200
Temperature (°C)

Figure 8. Critical strain ¢* corresponding to the slope change, damping saturation Q7' and final
damping (Q~1), plotted vs. MS test temperature.
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Since MS tests up to 185 °C do not remarkably affect the mean grain size, the damping behavior of
the alloy can be discussed by considering the evolution of dislocation structures. Dislocations behave
like strings oscillating under the external periodic stress and the damping due a single dislocation
segment depends on the distance between pinning points. According to the GL model, at low
frequencies the damping can be expressed by the following relationship:

Q'=yph'e (10)
where w = 27if (f resonance frequency) and

B

_ 11
36Gh2 (1)

V
being G = 26.9 GPa the Al shear modulus, b the modulus of Burgers vector and B the Al dislocation
damping parameter whose dependence on temperature has been determined by Hikata et. al. [45].

According to Equation (10), if during the MS test, at a given strain, a dislocation unlocking
process occurs, the mean dislocation link length between pinning points changes and consequently
the damping.

The breakaway of dislocation segments from pinning points represents a microstructural
transformation which could be recovered when strain decreases, however the different values of initial
(Q™1); and final (Q71), damping after a complete test cycle (see Figure 3) testify that such recovery is
partial. In fact, Table 4 shows that the dislocation density determined by XRD after the test runs at
different temperatures does not appreciably change thus the difference between initial and final Q™!
values must be ascribed to the increase of the mean length Iy of dislocation segments.

Table 4. Dislocation density, resonance frequency and (Q71), values obtained after MS test carried out
at different temperatures.

Test Temperature (°C) Dislocation Density p (m~2) Resonance Frequency (Hz) Q™M
50 1.3 x 1016 1500 1.25 x 1073
100 1.3 x 1016 1505 1.03 x 1073
150 8.3 x 101° 1526 1.51 x 1073
165 7.4 x 1015 1441 2.09 x 1073
175 6.9 x 1015 1693 2.13x 1073
185 6.8 x 1015 1121 3.36 x 1073

The mean link length Iy of dislocation segments after MS test cycles at different temperatures has
been calculated through Equations (10) and (11) by considering the dislocation density, resonance
frequency and (Q71), values reported in Table 4. The results are plotted vs. test temperature in Figure 9.

The initial /j is very close to the mean distance (30 nm) between the MgZn, precipitates (see
Figure 1b) and increases for MS tests at higher temperatures to reach a value that is almost double at
185 °C; such evolution mainly occurs for T > 150 °C. The irreversible transformation corresponding
to the permanent depinning of dislocations takes place at every MS test temperature examined here,
however it becomes relevant after the onset of thermally activated cross-slip.

As shown in Figure 8, also the critical strain ¢* shifts towards lower values as MS test
temperature reaches the range for the activation of cross-slip and clearly demonstrates how it
favors dislocation depinning.

On the other hand, further support to the key role of cross-slip comes from damping saturation
Q715 and final damping (Q71), trends which also exhibit a strong increase for T > 150 °C.
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Figure 9. Mean dislocation link length vs. MS test temperature.

In a previous work [17] it was demonstrated that a warm deformation step (upsetting in the
temperature range 150-200 °C) of the AA7050 alloy enhances fracture toughness and reduces material
heterogeneity by producing finer grains and sub-grains, and it was suggested the application of the
novel process to forged components with non-uniform thickness and complex 3D shape. Present
results show that the mechanical behavior of the alloy is strongly temperature sensitive in the range
of aforesaid upsetting: owing to the onset of thermally activated cross-slip, dislocation segments
tend more easily to unlock from MgZn, precipitates and remain free even if the material is subjected
to strains of the order of 1074, namely well below those typical of macroscopic plastic deformation.
Therefore, the warm deformation step which is specific to the forging process proposed by us leads to
finer grains and a more homogeneous microstructure because at >150 °C dislocations easily breakaway
from precipitates.

4. Conclusions

The anelastic behavior of AA7050 alloy after the standard industrial hot-forging cycle has been
investigated through isothermal MS tests carried out at temperatures up to 185 °C. Damping has
been measured along a cycle of increasing and decreasing strain and the results can be summarized
as follows.

(i) Q7! progressively increases with strain and exhibits a sharp slope change in corresponding
of a critical strain ¢*. The two branches of the Q7! vs. ¢ curve correspond to the depinning
of dislocation segments from point defects (low strain branch) and MgZn, precipitates (high
strain ybranch).

(i) Afteracomplete cycle, the final Q! value is always higher than the initial one. Thus, an irreversible
transformation takes place. Such transformation consists in the increase of mean link length
of dislocation segments: part of dislocation segments, which unlock from MgZn;, precipitates
during the cycle stage at increasing strain, remain free also after the stage at decreasing strain.

(iii) The phenomenon, that has been observed at every MS test temperature examined here, becomes
relevant after the onset of thermally activated cross-slip (T > 150 °C).
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(iv) The &* shift towards lower strain values and the increase of damping saturation Q7! as
temperature increases represent further evidence of the favorable conditions for depinning of
dislocation segments due to thermally activated cross-slip.

(v) The mean link length of dislocation segments increases with temperature and at 185 °C,
the maximum temperature considered in present work, it becomes almost double of the
original value.

Recently, we have proposed a novel forging process for the AA7050 alloy with a warm deformation
stage instead of the conventional cold deformation one because thermally activated cross-slip involves
favorable conditions for dislocation motion. The present work further supports such an idea because
the results show that cross-slip affects even anelastic phenomena induced by stresses much lower than
those involved in forging.
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