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Abstract: The present study focused on the influence of different aging conditions on the strain-
dependent damping of the high-strength aluminum alloy AA7075. For this purpose, different artificial
aging strategies were carried out after solution heat treatment with subsequent water quenching
to identify correlations between microstructural evolution, hardness development, and individual
material damping. The resulting material damping was measured using an experimental setup based
on the principle of electromagnetic feedback. Scanning transmission electron microscopy (STEM)
investigations were carried out using a scanning electron microscope (SEM) to characterize the
material’s microstructure. Depending on the aging conditions, the damping investigations revealed
specific characteristic behaviors in the strain-dependent range from 1 × 10−7 to 0.002. Peak aging
conditions showed lower damping than the overaged conditions but resulted in the highest hardness.
The hardness decreased with increasing aging time or temperature.

Keywords: high strength aluminum alloys; strain-dependent damping; precipitation hardening

1. Introduction

High-strength aluminum alloy AA7075 is widely used in the aerospace industry due
to its excellent strength-to-weight ratio combined with its resistance to stress corrosion
cracking and intercrystalline corrosion [1,2]. In addition to strength, weight, and corrosion
resistance, another key aspect for its application is material damping. This mechanical
property contributes to the absorption of undesirable mechanical vibrations, which consti-
tute an issue for fatigue or noise control [3,4]. Therefore, considerable research has focused
on improving the damping behavior of high-strength aluminum alloys [3–5].

Damping in metals is based on internal friction and constitutes a material property
associated with the ability to dissipate mechanical vibrations into thermal energy [6]. This
capacity is the result of several mechanisms, the most important of which are thermoelastic
damping and microstructural effects. The influence of the microstructure is mainly based on
interactions of crystallographic defects [5]. Among these mechanisms, dislocation damping
is the most important in aluminum [4]. The hysteretic interaction between dislocation loops,
precipitates, and solute atoms influences the energy conversion. Depending on the mobility
of dislocations, the damping capacity may increase or decrease. Just as dislocations affect
damping, dislocations and their interaction with other microstructural defects influence
material hardness.
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In the work by Updike et al. [3], the influence of reinforcements on material damping
was investigated. They found that graphite continuous-fiber reinforcements contributed
to an increase in the damping of the high-strength alloy AA6061. Lavernia et al. [5]
showed that discontinuously-reinforced aluminum alloy metal-matrix composites revealed
improved damping compared to the unreinforced condition. Xie et al. [4] focused on com-
mercial aluminum alloys, such as AA7022 and AA6082, and investigated the influence of
the precipitation condition after aging on the damping capacity. For the alloy AA6082, they
found increased damping after aging, which further increased after overaging. They at-
tributed this rise in damping by aging to a higher mobility of dislocations, which depended
on the remaining solute atoms and the amount and condition of the precipitates.

Several measures exist to determine damping behavior. Lavernia et al. [5], for example,
used a dynamic mechanical thermal analyzer (DMTA) to measure the damping capacity
of composites by calculating the tangent of the loss angle φ between the material’s strain
response and an exciting sinusoidal stress. Xie et al. [4] determined the inverse quality
factor Q−1 as a function of temperature from the decay of free oscillation of a torsion
pendulum to characterize the damping of commercial aluminum alloys. Our investigations
of the influence of different aging conditions on the damping of magnesium alloys used an
experimental setup based on the principle of electro-magnetic feedback and determined
damping in terms of the logarithmic decrement δ, derived from the amplitude decay of a
free vibration of a one-side fixed bending beam [7,8].

Little information is found in literature about a correlation between hardness prop-
erties, microstructure evolution by aging, and damping. Considering the interest in high-
strength, precipitation-hardened aluminum alloys, as well as results reporting increased
damping after aging and the influence of microstructural conditions on hardness and
damping, the present study investigated the influence of different aging conditions on
the damping behavior and hardness evolution of the high-strength aluminum AA7075.
Using the method described in ref. [7] for damping measurements the aim of the study was
to elaborate the dependence between the logarithmic decrement δ, aging condition, and
hardness.

2. Materials and Methods
2.1. Materials

The experimental investigations in this work were carried out on the heat-treatable,
high-strength aluminum alloy AA7075 (Al-Zn-Mg-Cu), which is commonly used in the
aerospace industry. The alloy was delivered by Austrian Metal AG and the experiments
were conducted using the as received T6 condition as plates with a thickness of 10 mm.
The chemical composition of AA7075 was characterized by optical emission spectroscopy
and is listed in Table 1.

Table 1. Chemical composition of AA7075.

Chemical Elements (wt.%) Si Fe Cu Mn Mg Cr Zn Ti Others

AA7075—as received (AR) 0.08 0.12 1.6 0.04 2.7 0.19 5.9 0.05 Balance

2.2. Experimental Setup and Program

The damping measurements were performed on an experimental setup based on the
principle of electromagnetic feedback, as shown in Figure 1 [7]. The samples were cut by
electrical discharge machining and manufactured as bending beams fixed at the thicker
end, as shown in Figure 1c. A neodymium permanent magnet was attached to the free
end to establish electromagnetic coupling with a coil system, which caused a resonance
vibration of the bending beam. The determined resonance frequency of the samples
was approximately 58 Hz. When the excitation was stopped, the material damping was
measured in terms of the logarithmic decrement (δ), calculated from the decaying bending
vibration amplitudes represented by the decaying induction voltage and measured by a
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digital voltmeter. The measured voltage amplitude was converted to mechanical vibration
amplitudes using a correlation function. The logarithmic decrement was obtained by

δ =
1
n

ln
(

An

An+1

)
(1)

where n = 1,2,3, . . . and An is the nth amplitude of the mechanical vibration. The vibration
amplitude resulted in a strain amplitude that became maximum near the specimen’s
location of restraint. The maximum strain amplitude (εmax) near the clamped end of the
sample was defined as

εmax =
3a

2 ∗ l2 z′ (2)

where z′ is the deflection of the bending beam out of its zero position, a is the thickness, and
l the length of the bending beam. Further information about the electromagnetic coupling
and determination of the correlation function can be obtained in the study by Göken and
Riehemann [7].
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Figure 1. (a) Experimental setup of damping measurements; (b) schematic representation; (c) techni-
cal drawing of the sample geometry.

The material samples were first solution heat treated in a roller hearth furnace (Baet-
tenhausen Rollmod) at 480 ◦C for 20 min, and then cooled in a water-dilutable polymer
quenchant to achieve a high cooling rate with low thermal distortion. T4 samples were nat-
urally aged for 80 days, while all other aging conditions were carried out using a chamber
furnace (KM 70/13, Thermconcept, Bremen, Germany). The conditions and corresponding
heat treatment parameters are presented in Table 2. Each heat treatment produced three
samples. Three damping and five hardness measurements (Vikers) were performed on
each sample. The hardness values represent the arithmetic mean of five values, while the
damping values represent the arithmetic mean of three measurements.

Table 2. Heat treatment parameters for different conditions of AA7075.

Condition T4 T6 T7-1 T7-2

Solution Heat Treatment [◦C] 480 480 480 480

Aging Temperature [◦C] 24 120 220 120

Aging Time 80 d 20 h 3 h 330 h
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2.3. Microstructural Characterization

Microstructural analysis of the heat-treated samples were conducted using a FEI Helios
Nanolab G3 CX DualBeam focused ion beam (FIB)/scanning electron microscope (SEM)
(Thermo Fisher Scientific, Waltham, MA, USA). Transmission electron microscopy (TEM)
lamellae were prepared following a site-specific method using FIB. Thereafter, the lamellae
were imaged at an accelerating voltage of 30 kV using a scanning transmission electron
microscopy (STEM) detector that was directly mounted in the DualBeam FIB/SEM.

3. Results
3.1. Damping and Hardness

Figure 2 shows the logarithmic decrement (δ) as a function of the maximum strain
amplitude (εmax) for all investigated conditions. With increasing strain amplitude, all
samples revealed increased damping. However, there was a range of strain values in which
the strain seemed to have no influence on the damping. Therefore, the curve could be
divided into strain-dependent (δh, with “h” representing hysteretic damping) and strain-
independent (δ0) areas. The sample at the naturally aged T4 condition revealed the lowest
damping, which increased continuously from the sample at the peak-aged T6 condition
to that at the overaged T7-2 condition, and reached the peak value with the sample at the
overaged T7-1 condition. The two overaged conditions differed in aging temperature and
duration. Whilst the T7-2 condition was obtained with the same 120 ◦C aging temperature
as the T6 condition but a 17-times longer aging duration, the T7-1 condition was obtained
with a high aging temperature of 220 ◦C.
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Figure 2. Strain-dependent damping measurements of the aluminum alloy AA7075.

The measured hardness of all heat treated samples is depicted in Figure 3 in compari-
son with the corresponding strain-dependent and strain-independent damping δ0 and δh,
respectively. The highest hardness level was obtained for the sample at the T6 condition
(183 HV), which was artificially aged at 120 ◦C for 20 h. For the two overaged conditions,
due to the formation of coarse precipitates, the sample at the T7-1 condition that was aged
at a higher temperature of 220 ◦C showed a lower material hardness (93 HV) than the
sample at the T7-2 condition (159 HV) that was aged at 120 ◦C. After natural aging for
80 days, a hardness level of 158 HV was developed that was close to the hardness of the
sample at the T7-2 condition.



Metals 2022, 12, 2172 5 of 7

Metals 2022, 12, x FOR PEER REVIEW 5 of 7 
 

 

due to the formation of coarse precipitates, the sample at the T7-1 condition that was aged 
at a higher temperature of 220 °C showed a lower material hardness (93 HV) than the 
sample at the T7-2 condition (159 HV) that was aged at 120 °C. After natural aging for 80 
days, a hardness level of 158 HV was developed that was close to the hardness of the 
sample at the T7-2 condition. 

 
Figure 3. Damping and hardness in dependence of heat treatment condition. 

3.2. Microstructural Investigation 
Figure 4a,b shows the STEM images of samples at the T6 and T7-1 conditions. As 

expected from the adjusted heat treatment process for the T6 condition, only a few irreg-
ularly distributed and very coarse particles were observed within the grain structure (Fig-
ure 4a). The fraction of these phases was very small due to the low artificial aging temper-
ature of 120 °C, since extensive nucleation and growth were expected at higher artificial 
aging temperatures. In addition, the spacing between these coarse precipitates was also 
very large. However, the measured high hardness level gave rise to the consideration that 
very fine precipitates of only a few atomic layers might exist in these zones, since they 
have been reported in the literature for the same material and heat treatment condition 
[9]. In addition to the particles in the grain interior, a few very coarse grain boundary 
precipitates (GB-P) were found at the grain boundary intersections (Figure 4a). On the 
other hand, due to the higher artificial aging temperature, a higher number of coarse pre-
cipitates, which were also larger than those of the sample at the T6 condition, were observed 
within the grain interior of the sample at the T7-1 condition (Figure 4b). 

 
Figure 4. STEM investigation of (a) T6 (120 °C for 20 h) and (b) T7-1 (220 °C for 3 h). 

Figure 3. Damping and hardness in dependence of heat treatment condition.

3.2. Microstructural Investigation

Figure 4a,b shows the STEM images of samples at the T6 and T7-1 conditions. As ex-
pected from the adjusted heat treatment process for the T6 condition, only a few irregularly
distributed and very coarse particles were observed within the grain structure (Figure 4a).
The fraction of these phases was very small due to the low artificial aging temperature
of 120 ◦C, since extensive nucleation and growth were expected at higher artificial aging
temperatures. In addition, the spacing between these coarse precipitates was also very
large. However, the measured high hardness level gave rise to the consideration that very
fine precipitates of only a few atomic layers might exist in these zones, since they have
been reported in the literature for the same material and heat treatment condition [9]. In
addition to the particles in the grain interior, a few very coarse grain boundary precipitates
(GB-P) were found at the grain boundary intersections (Figure 4a). On the other hand, due
to the higher artificial aging temperature, a higher number of coarse precipitates, which
were also larger than those of the sample at the T6 condition, were observed within the
grain interior of the sample at the T7-1 condition (Figure 4b).
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4. Discussion

The effect of different aging strategies and the resulting precipitation conditions on
the damping of high-strength aluminum alloy AA7075 was investigated in the present
study by determining the logarithmic decrement (δ) derived from the amplitude decay of a
free vibration of a one-side fixed bending beam. The damping measurements revealed a
tendential increase in δ0 and δh with increasing aging temperature and time. As explained
in ref. [4], this behavior is mainly based on the interaction of dislocations and different
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crystallographic defects in commercial aluminum alloys, such as second phases, grain
boundaries, interphases, and foreign atoms. In the case of AA7075, the formation and
growth of different types of clusters, e.g., Zn-rich, Mg-rich, or Cu-rich clusters, and pre-
cipitates acted as strong or weak pinning points for dislocations, depending on their size
and geometry. According to the model of Granato and Lücke [10], mobile dislocations
that are mainly pinned by weak pinning points generate low internal friction, whereas
higher internal friction is achieved at strong pinning points. Solute atoms are considered
to be weak pinning points. If the matrix is depleted of solute atoms (in the matrix or on
the dislocations) due to precipitation formation, a dislocation line may bow out, resulting
in increased damping [11]. Therefore, aging with increased temperature and time seems
to increase material damping due to the growth of semi-coherent phases and coarse pre-
cipitates, as well as corresponding reductions in solute atoms and small particles. This
investigation is valid for the peak and overaged T6 and T7-1 conditions in comparison to
the T4 condition. The naturally aged T4 condition is probably the state with a high number
of solute atoms and very small clusters, leading to a decrease of the dislocation loop length
as well as the dislocation mobility. In contrast, the overaged T7-2 condition had a lower
damping than the T7-1 condition. This may be due to a possible increase in grain size
or differences in the amount and type of precipitates resulting from the differing aging
temperatures and times [12–14].

The selected aging treatments also affected the hardness evolution by the same mi-
crostructural defects, which influenced the damping. The very effective precipitation
hardening mechanism is responsible for the highest hardness of the sample at the T6 condi-
tion. It had the optimum amount and size of fine semi-coherent precipitates to constrain the
dislocation motion. The damping was also increased; however, compared to the overaged
T7-1 state, this increase was not as pronounced due to reduced dislocation mobility. Further
aging led to the growth of precipitates but also to a reduction of their amount, which
resulted in the observed decrease in hardness of the two overaged T7 conditions. This effect
was enhanced by increased aging temperatures, which accelerated the diffusion processes.
In addition, the higher temperature may have led to the formation of further precipitation
phases, which may explain the lowest hardness of the sample at the T7-1 condition with the
highest values of δ0 and δh. The natural aging of the T4 condition produced a microstruc-
tural condition of precipitates and remaining solute atoms that resulted in a hardness close
to the overaged T7-2 condition.

5. Conclusions

From the obtained results and STEM observations it can be concluded that precipitate
conditions and sizes created by different aging strategies influence not only the hardness
but also the internal friction, which can be revealed by damping measurements. However,
no clear correlation was found between hardness and damping in the course of these
investigations. Whilst the aging condition with the lowest hardness (T7-1) showed the
highest damping, the condition with the highest hardness (T6) was not correlated to the
lowest damping. This led to the conclusion that differences in the microstructural influence
on hardness and damping are due to differences in the amount and nature of precipitates
or a special precipitation formation. In addition, grain size evolution during aging may
also affect damping, but this hypothesis must be investigated in further detail.
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