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Abstract: A supersaturated Al-4.8%Zn-1.2%Mg-0.14%Zr (wt%) alloy was processed by the equal-
channel angular pressing (ECAP) technique at room temperature in order to obtain an ultrafine-
grained (UFG) microstructure having an average grain size of about 260 nm. The hardness and
microstructural characteristics, such as the phase composition and precipitations of this UFG mi-
crostructure were studied using depth-sensing indentation (DSI), transmission electron microscopy
(TEM), as well as non-isothermal scanning of differential scanning calorimetry (DSC), and compared
to the properties of the un-deformed sample. Emphasis was placed on the effect of the UFG mi-
crostructure on the subsequent thermal processes in DSC measurements. It has been shown that the
ECARP process resulted in not only an ultrafine-grained but also a strongly precipitated microstruc-
ture, leading to a hardness (2115 MPa) two and a half times higher than the initial hardness of the
freshly quenched sample. Because of the significant changes in microstructure, ECAP has also a
strong effect on the dissolution (endothermic) and precipitation (exothermic) processes during DSC
measurements, where the dissolution and precipitation processes were quantitatively characterized
by using experimentally determined specific enthalpies, AH and activation energies, Q.

Keywords: AlZnMg alloy; ECAP; UFG; hardness; precipitates; DSC; specific enthalpy;
activation energy

1. Introduction

The Al-Zn-Mg composition (7xxx series) age-hardenable alloys have been considered
asthe most important basic materials in the aluminum industry. These alloys are widely
studied due to their technological and practical importance in the manufacture of automo-
biles, aircraft, and other construction materials [1-5]. It is well-established that the 7xxx
materials have high mechanical properties [6-10] due to the fact that their microstructure
can be changed on a very wide scale from the supersaturated solid solution state by apply-
ing different heat treatments [6,7] and/or severe plastic deformation techniques [11,12]. In
general, if the supersaturated alloy is artificially aged under different conditions, various
metastable and stable precipitates can be formed. In most cases, the change of both mi-
crostructure and mechanical properties in supersaturated AlZnMg alloys starts with natural
aging at room temperature (RT), immediately after solution treatment and quenching. The
decomposition of the supersaturated solid solution near RT takes place by the formation
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of Guinier-Preston (GP) zones. At somewhat higher aging temperatures, about between
80 and 150 °C, metastable intermediate n’ phase particles can be formed directly from the
supersaturated solid solution state and/or mediately from the GP zones. Both GP zones
and n’ phase particles have significant strengthening effects on the mechanical properties of
7xxx alloys. The formation of stable (equilibrium) n phase precipitates with a composition
of MgZn; can be expected at higher temperatures in the case of conventional AlZnMg
alloys, where the history of the sample, such as crystal defects—vacancies, dislocations,
grain boundaries. . .etc.—introduced by pre-deformation, may play an important role in
the subsequent precipitation processes.

When a pre-deformation becomes severe plastic deformation (SPD), both the grain
structure and precipitate structure of an A1ZnMg alloy may change significantly [13]. In
the last twenty-five years, the SPD technique using equal channel angular pressing (ECAP)
was widely applied to refine the average grain size, resulting in an ultrafine-grained (UFG)
microstructure, improving the mechanical properties of metal alloys via the Hall-Petch
effect [11,12,14-16]. Also, some recent works show that the precipitation of dispersed
second phases in the form of interlayers or segregations at grain boundaries and in grain
interiors plays an important role in achieving simultaneously strength, ductility, stress
corrosion, fatigue, superplasticity at lower temperatures, and thermal and deformation
stability in UFG or nanostructured Al alloys [17-24]. For example, it has been shown [25]
that additional alloying with Zr contributes to the formation of the Al3Zr particles coherent
to the aluminum matrix, which causes an additional strengthening effect and actively
hinders recrystallization.

Although the microstructures of several Al alloys processed by ECAP have been
extensively investigated in the literature, the effect of ECAP processing on the structural
and phase transformations, as well as on the subsequent change of mechanical properties
in Al-Zn-Mg alloys of the 7xxx series has not been clarified in detail.

In this work, the effect of the ECAP process on the phase composition and microstruc-
tural properties of an Al-4.8%Zn-1.29%Mg-0.14%Zr (wt.%) composition alloy was studied
by using depth-sensing indentation (DSI), transmission electron microscopy (TEM), and
differential scanning calorimetry (DSC). The focus was also on the effect of the UFG mi-
crostructure on the subsequent thermal processes in DSC measurements, where the relevant
endothermic and exothermic processes were analyzed both qualitatively and quantitatively.

2. Materials and Methods

A ternary aluminum alloy of chemical composition Al-4.8Zn-1.2Mg-0.14Zr (wt.%) was
treated via casting procedure. This alloy is one of the most popular Al alloys of the 7xxx
series and is of increased interest to the industry. The as-cast material was homogenized by
heat treatment in the air for eight hours at 743 K and then hot extruded to a sheet shape of
10 x 50 mm? cross section at 653 K. The extruded material alloy is characterized by a
relatively large grain size of 10 pm. Billets of cylindrical shape are manufactured from
extruded sheets with dimensions of 10 mm and 70 mm in diameter and length, respectively.
These billets were imposed to solution heat treatment at 743 K for half an hour and
quenched into room temperature (RT) water to form a supersaturated solid solution. This
state is denoted as Q (quenched). The billets were then processed by the ECAP technique
at RT, in four passes, following route Bc in which the processed billets are rotated in the
same sense around their longitudinal axes by 90° after each pass. The ECAP die had an
internal channel angle of 90°. ECAP die of the internal channel of the right angle and
an outer arc of curvature at the intersection of the two parts of the channel of 20° work
to impose a strain of 1 on each separate pass to induce grain refinement and to form a
higher dislocation density [26,27]. In order to avoid break due to the strengthening effect of
Guinier—Preston (GP) zones [28], the ECAP process was started within 10 min following
the quenching. More details about the sample can be found in a previous work [13]. In
addition, a quenched sample was only stored (naturally aged) at room temperature (RT)
and followed by indentation measurements. In order to obtain definitive results, the
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microstructure was examined only in the case of ECAP-processed and only quenched
samples that had been stored at RT for a long time (more than a year). These samples were
marked as un-deformed ones.

Mechanical properties of the naturally-aged and ECAP-processed samples were inves-
tigated by depth-sensing indentation (DSI) measurements using a UMIS-type instrument.
Indentations were carried out with a Vickers indenter tip for maximum loads of 50 mN.
Together with the analysis of the indentation curves, the hardness values were evaluated
using the well-known Oliver—Pharr method [29,30].

Characteristics of the microstructures, such as the matrix grains and the precipitates
were characterized by transmission electron microscopy (TEM), using Titan Themis G2
200 scanning TEM (STEM) equipment. The TEM and energy-disperse X-ray spectroscopy
(EDS) examinations were performed at different magnifications and techniques such as
high-resolution TEM (HRTEM) and high-angle annular dark-field (HAADF) imaging mod.
More details about the equipment and sample preparation can be found in the previous
work [13].

Thermal analyses were performed by using Differential Scanning Calorimetry (DSC)
equipment to identify the thermal events in the microstructure of the un-deformed and
ECAP-processed samples. The heat effects accompanying the microstructure changes of
the samples were followed by heating at different heating rates of 10, 20, 30, and 40 K/min
in a Perkin-Elmer DSC2 differential scanning calorimeter (DSC) in the temperature range
between 300 and 700 K, using samples of about 30 mg.

3. Results
3.1. Mechanical and Microstructural Investigations
3.1.1. The Background: Hardness Behavior

In order to study the effect of ECAP on the behaviors of the investigated AlZnMg alloy,
let us see first the mechanical properties of this alloy, as the background. Figure 1 shows the
hardness values obtained by indentation on both the ECAP-processed and un-deformed
samples (see Figure 1a), as well as some typical indentation curves (Figure 1b). Figure 1a
clearly shows the well-known strengthening phenomenon of supersaturated solid solution
Al-Zn-Mg alloys [7,31] during storing at room temperature (RT), the well-established
strengthening effect of natural aging. Because of the fast formation of Guinier-Preston (GP)
zones [7], the Vickers hardness (HV) of the un-deformed sample visibly increased in the
earlier 24 h of natural aging, from 830 to 1150 MPa. After that, although at a lower rate, the
hardness continues to increase to about 1500 MPa during the first month of storage at room
temperature. After this growth range, the hardness apparently remains constant, but, in
fact, it increases very slowly, reaching the hardness value of about 1700 MPa after one year
of storing at RT. As a consequence of the strengthening effect of GP zones, the hardness of
the un-deformed sample doubles during one-year storage at RT.

Experimental results also clearly show the strengthening effect of the severe plastic
deformation using ECAP. The hardness of the ECAP-processed sample is 2115 MPa (see
Figure 1a), which is 25% higher than the mentioned hardness of the one-year stored sample,
and is almost two and half times higher than the initial hardness (830 MPa) of the freshly
quenched sample.

The effect of the formation of GP zones during the early stage of natural aging can also
be followed by analyzing the development of the indentation depth-load curves obtained
on the un-deformed samples (see Figure 1b) [31]. It can be seen that in the very early
stage—about in the first 3 h—of natural aging, characteristic indentation steps appear in the
depth-load curves, indicating an intermittent indentation process in this stage of natural
aging. This phenomenon corresponds to the Portevin-Le Chatelier (PLC) type plastic
instabilities [32,33], or serrated yielding often observed in tensile tests. The appearance
of step-like indentation reflects a significant interaction between mobile dislocations and
solute atoms in the earlier stage of storing at RT after quenching. Because of the rapid
formation and growth of GP zones, indicated by the increasing hardness, the interaction of
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dislocations with GP zones becomes dominant relative to that with solute atoms, leading
to the irregular development and eventually to the disappearance of the instability load—
depth steps, after about 3 h of storing at RT. From then, the indentation depth-load curves
become smooth, and the strengthening effect of the GP zones appears in such a way that
the maximum indentation depth decreases as the aging time increases. The indentation
depth-load curve obtained on the ECAP-processed sample is also plotted in Figure 1b.
It can be seen that the smallest maximum depth was observed on this indentation curve,
which actually corresponds to the maximum hardness shown in Figure 1a.
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Figure 1. Mechanical strength of the investigated un-deformed and ECAP-processed samples as

(a) the Vickers hardness and (b) the characteristic change of the indentation curves in the function of

the aging time at RT.



Materials 2023, 16, 6593

50f 15

3.1.2. TEM Investigations

Figure 2 shows the microstructure of the initial un-deformed AlZnMgZr sample,
which was only quenched and then stored at room temperature (RT) for a long time. Only
Al3Zr particles having a diameter of 10-20 nm and finely-distributed GP zones with a size
of 1-3 nm can be observed in this state of the alloy. It is well-known that Al3Zr particles
formed during the solidification of the cast samples [34], having a grain-refinement effect.
The formation of GP zones at room temperature indicated clearly the supersaturation in
the composition of the sample. It can be seen that in the only quenched, but un-deformed
state, room temperature is too low for the formation of other precipitates.

Figure 2. STEM HAADF micrograph of the microstructure of Al-4.8Zn-1.2Mg-0.14Zr sample after
quenching and storing at room temperature for a long time (more than 1 year), showing the presence
of AlzZr particles and finely-distributed GP-zones.

The ECAP processing significantly changed the microstructure of the quenched sample,
resulting in the aforementioned large increase in the hardness of the alloy. As was shown
previously [13], ECAP processing leads to the formation of an ultrafine-grained (UFG)
structure with a grain size of about 260 nm and nano-sized second-phase precipitates.
Figure 3 shows the microstructure of the ECAP-processed sample [13]. It can also be seen
in Figure 3a that the ECAP-processed UFG structure contains precipitates inside both
the interiors of grains and grain boundaries, as illustrated by bright areas in the TEM
image. In addition to GP zones and Al;Zr particles, small n)’- and larger n-phase MgZn,
precipitates can also be observed in the ECAP-processed structure, as shown in Figure 3b.
The corresponding energy-disperse X-ray spectroscopy (EDS) elemental maps for Al, Zn,
Mg, and Zr can be seen in Figure 3c—f, respectively.



Materials 2023, 16, 6593

6 of 15

Figure 3. Ultrafine-grained microstructure of the investigated ECAP-processed AlZnMgZr sample
taken as (a,b) HAADF STEM images in low and higher magnifications showing grains and precipi-
tates, respectively, and (c—f) EDS elemental maps for Al, Zn, Mg, and Zr obtained on the area shown
in (b). The white and black arrows in the image (b) indicate Mg/Zn- and Zr-rich large precipitates.
Reproduced from Ref. [13]. Copyright 2019, Springer.

3.2. Characterization of Microstructure by DSC Investigations

Figure 4 shows the DSC thermogram profiles obtained at different (V) heating rates
for both un-deformed and ECAP-processed samples. In all cases, three peaks were distin-
guished in these profiles. The first endothermic peak observed at the lowest temperature
indicates the reversion of some kind of existing phases in the sample. At the intermediate
temperature of the profile, an exothermic peak was dominant, related to the precipita-
tion and coarsening of hardening precipitates. At a higher temperature range, another
endothermic peak can also be observed, denoting the dissolution process of precipitates
formed through heat treatment [10,35]. From the point of view of the effect of the ECAP
process, we were primarily interested in the development of the first endothermic and
exothermic peaks.

In the case of the un-deformed sample (see Figure 4a), the first endothermic peak was
located in the low-temperature interval of 380—438 K with a peak at 422 K when subjected
to a heating rate, V of 10 K/min. This peak is probably attributed to the dissolution of
Guinier-Preston (GP) zones and vacancy-rich solute clusters (VRC) [35,36]. The maximum
rate of the dissolution process was identified at the peak temperature of 422 K, which
shifted towards a higher temperature at 450 K and became more intense as the heating
rate increased to 40 K/min. It can be seen that in the case of the ECAP-processed samples
(see Figure 4b), the corresponding endothermic peak obtained for a given heating rate
was located at a lower temperature compared with that of the un-deformed sample. For
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instance, this peak shifted to a lower temperature of 440 K when the ECAP-processed
sample was measured at the heating rate of 40 K/min.

0.100 . . . . ; 0.100 r . r r . .
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Figure 4. Typical DSC thermograms taken (a) on the un-deformed sample, and (b) on ECAP-
processed samples at different heating rates.

Similarly to the situation of the first endothermic one, the location of the follow-
ing exothermic peaks obtained for the ECAP-processed sample also shifted to somewhat
lower temperatures at every heating rate. For instance, when applying the heating rate
of 10 K/min, the exothermic peak of the un-deformed sample manifested with a maxi-
mum at 504 K and extended in the interval of 465-525 K. Meanwhile, in the case of the
ECAP-processed sample, the corresponding peak appeared with a maximum at 484 K and
extended over the temperature interval of 437-509 K. As the exothermic peak is ascribed to
the formation of 1 phase particles and their coarsening [37,38], the present results clearly
confirm the possibility of the ECAP process to induce the formation of the n” and 1 precipi-
tates. This is also demonstrated by the larger areas belonging to the peak under the DSC
profile of the ECAP-processed sample, compared with that of the un-deformed sample (see
Figure 4b).

3.2.1. Specific Enthalpies Characterizing the Dissolution and Precipitation Reactions

Analyzing the DSC thermograms, the specific heats—enthalpies—of dissolution, AH,
and that of precipitation, AH, can be determined. Figure 5 shows these enthalpies obtained
for the first endothermic peak (Figure 5a) and for the exothermic peak (Figure 5b) as the
function of the heating rates in the case of both un-deformed and ECAP-processed samples.

Experimental results show that as the effect of the ECAP process, while the specific
enthalpy obtained for dissolution, AH; decreased (from a range of 5.0 to 6.2 to a range of
4.2 to 3.5]/¢g, see Figure 5a), the value obtained for the precipitation, AH, increased (from a
range of 5.9 to 7.0 to a range of 4.1 to 2.6 ] / g, see Figure 5b).

3.2.2. Kinetic Parameters for Dissolution and Precipitation Reactions

In general, the dissolution and precipitation processes taking place in multi-phase
material when imposed to DSC of non-isothermal heat treatment are described by the
kinetics parameters incorporated by the Avrami-Johnson-Mehl theory [39-41]. These
parameters include the transformed volume fraction, Y that can be given as:

Y(T) = @
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and the rate of transformation, dY/dt given by:
av _ay it _dy "
dt — dT dt — dT '

Specific Enthalpy, 4H [J/g]

at heating rate V. Here, A(T) refers to the area under the given—dissolution or
precipitation—peak in the range of temperatures extended from the initial temperature, T;
to T, and Ty is the final temperature of the investigated peak in the DSC thermograms.
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Figure 5. Specific enthalpy values, AH; and AH), as a function of heating rate for (a) dissolution
(at the first endothermic peak) and (b) precipitation (at the exothermic peak), respectively, in both
un-deformed and ECAP-processed samples.

Figure 6 shows the experimentally determined Y-T plots characterizing the dissolution
and precipitation in both the un-deformed and ECAP-processed samples measured at
different heating rates. It can be seen that these (Y-T) plots can be described typically by a
sigmodal shape function and shifted to a higher temperature as the heating rate increased.
The effect of the ECAP process is clearly visible on the curves. While the interval of the
temperature range for the endothermic reaction in the un-deformed sample is extended
over about 90 K (from 397 to 488 K) (see Figure 6a), this value is about one and a half
times lower for the ECAP-processed sample, only 60 K, as it extended from 395 to 455 K
(see Figure 6¢). At the same time, the precipitation process (exothermic reaction) of the
ECAP-processed sample is also shifted to a lower temperature range from 460 to 550 K (see
Figure 6d), relative to that (from 485 to 570 K) of the un-deformed sample (see Figure 6b).

Figure 7 presents the transformation rate, dY/dt in the function of temperature, T at
different heating rates for both the un-deformed and ECAP-processed samples. In every
case, the transformation rate is low at the beginning and the end of the transformation but
there is a rapid increment in between i.e., a maximum located in the middle region. It can be
seen that the effect of the ECAP process is also clearly visible in this case. Considering the
dissolution process (endothermic reaction), while the maximum transformation rates for
the un-deformed sample are located between 425 and 460 K, the maximum rates observed
in the ECAP-processed sample can be found in a narrower temperature range, from 425 to
440 K.
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Figure 6. Plots of Y-T functions obtained at different heating rates, characterizing (a) dissolution
(endothermic reaction) and (b) precipitation (exothermic reaction) in the un-deformed sample, as
well as (c) dissolution and (d) precipitation in the ECAP-processed sample.

3.2.3. The Activation Energy of Dissolution and Precipitation Processes

Increasing the heating rate, the peak temperature, and T, of both the endothermic
and exothermic peaks is shifted towards higher temperature. This behavior of the DSC
results indicates that the preceding processes of dissolution and precipitates are sensitive
to the heating rate, so it is thermally activated and temperature dependent. Normally
the precipitates like GP zones and other strengthening phases in aluminum alloys have a
composition and crystal structure different from the surrounding of the Al matrix, hence
their development leads to a change in structure, and this requires a long-range diffusion
which can be characterized by activation energy, Q. The activation energy value for both
dissolution (reaction) and precipitation processes (endothermic and exothermic reactions,
respectively) can be obtained by applying the Kissinger equation [40]:

ln<V>
T3

S
= C+ ry

®)

where V is the heating rate (in K/min) and T}, is the peak temperature of the given process,
C is a material constant and R is the universal gas constant. The activation energy, Q will
be denoted as Q; for the dissolution, and as Q) for the precipitation processes.



Materials 2023, 16, 6593

10 of 15

Un-deformed sample-Exothermic reaction

" Un-deformed sample-Endothermic reaction

T T T T T T 20 T T T Ll T T
Heating rate Heating rate
181 Wmin) y 181 " Kmin) ]
164 : ;g El/rqm 4 16 4= 10 K/min T
min 2
sul 1 Sim gl o -
<:«_;12- Y=t klm:’ X 1 o 124-¥ 40 K/min -
< v
£ 104 A v a) 1 210 v b
< g. / A - £ 8- E
3 5
> P e > TA—a
T 61 v 1 T 6 S e 1
on = " fe) " v
44 "V n ® A 1 4 - , o .
2w AV - \{ 1 ¥ ° A
o ‘- e A 24 \ 4
0 T T — i T T T 0 A
390 420 450 480 G510 5S40 870 390 420 450 480 510 540 570
E(?AP processed sample-Endothermic reaction ECAP processed sample-Exothermic reaction
T T T T T T 20 T T T T T T
18- Heating rate - 18 Heating rate
56 v [K/min] 1 [K/min]
#— 10 K/min 16 = 10 K/min |
@14 v ® 20Kmin A 7141 ® 20K/min |
=42 A A 30 K/min =0, 430 K/min
e v v 40K/min | Ca L v v 40Kimin ]
210- ot ] 10 v .
Y _— A 4
T 8- y, c) - 3 8- N d) .
> v > A
E 6 - o . 3 6 - [ Sy -
=] o v
al & L 1 J 4] O. . L BN R
2 R oY ] 2+ w® "',. ® AY, 1
T A s
0 —a : : , : D : i ' : : :
390 420 450 480 510 540 570 390 420 450 480 510 540 570

Temperature [K]

Temperature [K]

Figure 7. Plots of 4Y /dt-T functions obtained at different heating rates, characterizing (a) dissolution
(endothermic reaction) and (b) precipitation (exothermic reaction) in the un-deformed sample, as
well as (c) dissolution and (d) precipitation in the ECAP-processed sample.

Figure 8 shows the Kissinger plots obtained for the first dissolution (endothermic)
and precipitation (exothermic) processes in both the un-deformed (Figure 8a) and ECAP-
processed (Figure 8b) samples. It can be seen in all cases that the data points can be
fitted well with a linear line. From the slope of this fitted line, according to Equation (3)
the activation energy, Q can be determined. Considering the experimentally obtained
activation energy values, the effect of the ECAP process is also clearly visible, as this effect
increases the activation energy in the case of dissolution processes but decreases it in the
case of precipitation processes. While in the case of the un-deformed sample, the value
of Q; is only 85 kJ/mole (see Figure 8a), because of the ECAP process it became higher,
111 kJ/mole (Figure 8b). Furthermore, the Q, value of 147 k] /mole in the un-deformed
sample decreased to 118 k] /mole when the sample was processed by ECAP.

The experimentally determined average specific heat enthalpy AH and activation
energy Q for both the un-deformed and ECAP-processed samples are listed in Table 1.
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Figure 8. Kissinger plots for the first dissolution (endothermic) and precipitation (exothermic)
processes in (a) un-deformed and (b) ECAP-processed Al-Zn-Mg-Zr samples. The relative error of
calculation is lower than 5%.
Table 1. Different types of energies obtained by analysis of the DSC measurements performed on
the un-deformed and ECAP-processed Al-Zn-Mg-Zr samples. (All values were obtained within 8%
relative error).
Reaction Type Un-Deformed Sample ECAP-Processed Sample

Dissolution (endothermic) reaction AH,
Precipitation (exothermic) reaction AH,,
Dissolution reaction, Q
Precipitation reaction, Qp

50=+62]/g 42 +35]/g
59+70]/g 41+26]/g
84.8 k] /mol 110.9 k] /mol
147.4 KJ /mol 117.7 kJ /mol

4. Discussion

The TEM investigation reveals a significant change in the microstructure in the ECAP-
processed Al-Zn-Mg-Zr samples. Besides the well-known grain-refining effect, severe
plastic deformation has also resulted in the formation of /- and n-phase MgZn, precip-
itates at room temperature. It should be noted that these precipitates are formed only
at temperatures higher than 100 °C in the conventional (un-deformed) 7xxx Al alloys,
where the peak hardness can be obtained when both GP zones and n/-phase particles
are formed [36]. In the present case, the collective strengthening effect of the Hall-Petch
mechanism [24,42,43], as well as of GP zones and MgZn, particles in the ECAP-processed
sample increased the hardness of the initial—freshly quenched—sample by two and a half
times, from 830 to 2115 MPa (see Figure 1a).

In the metallurgy field, the specific enthalpies of dissolution, AH; and precipitations,
AH,, represent a fingerprint of the reversion and precipitation reactions, respectively [44,45].
Present experimental results have shown that while AH, is decreasing, AH, is increasing in
the ECAP-processed sample, relative to the corresponding specific enthalpies of the un-
deformed sample (see Table 1). Both tendencies confirm the existence of n’-phase particles
in the ECAP sample. These particles—being more stable than GP zones—did not dissolute
into the matrix during the first endothermic reactions, but could directly transform into
n-phase precipitates during the subsequent exothermic reaction, causing the decrease in
AH, and also the increase in AH),. This result is in full agreement with the mentioned TEM
results. It should be noted that the increase in specific enthalpy of the exothermic reaction
is a feature of the deformed samples because a higher dislocation density and more grain
boundaries were formed. Therefore, stronger processes of precipitates are associated with
ECAP-processed samples. For the exothermic reaction, the grain boundaries which work
as heterogeneous nucleation sites, can facilitate the nucleation by presenting surfaces of



Materials 2023, 16, 6593

12 0f 15

lower inter-phase boundary energy in comparison with the interphase of precipitate and
the parent Al-matrix of the un-deformed sample [37,46].

It should be noted that considering the thermally activated—time-dependent—
processes in the exothermic reaction of both investigated samples, the low heating rate
(10 K/min) allows more time for the formation processes i.e., there is sufficient time for
the germ precipitations to convert and form the 1~ and/or n-phase precipitates. This is
demonstrated as a sufficient yield of the process achieved at a lower heating rate. While at
a higher heating rate, the time is not enough for the germ nucleation to precipitate these
phases, so a transformation of the metastable phase to a stable phase 1 is more likely to
form and this is represented at higher temperatures on the DSC profile [38,47]. Hence, a
higher heating rate induces stable precipitates of larger size and indicates that the formation
of the metastable phase is more difficult due to the reversion of GP zones. These findings
are coherent with the results of several previous investigations [48,49].

Analysis of the DSC results has also shown that the values of activation energies
characterizing reversion Q; and precipitation Q, processes in the un-deformed sample
are 84.8 and 147.4 k] /mole, respectively, and the corresponding ones obtained for ECAP-
processed samples are 110.9 and 117.7 k] /mole (see Figure 8 or Table 1). The activation
energy Q, of dissolution is smaller in the case of the un-deformed sample because this
sample contained mainly GP zones, which are dissolved more easily compared with
precipitates in the ECAP-processed sample. Meanwhile, in the exothermic reaction, a drop
in activation energy (Qp) occurred in the ECAP-deformed sample due to high dislocation
density and more grain boundaries, which work as sites for nucleation and growth of
precipitates, facilitating and making the precipitation process easier. Typically, solute
segregation leads to modifying the chemistry around the dislocations, so the strain field of
these dislocations may affect the diffusion by compensating the strain field related to the
nucleus, hence the preferable heterogeneous nucleation sites are at dislocations [37]. As the
number of grain boundaries and the dislocation density are larger for the ECAP-processed
sample, there is a reduction in the barrier to precipitates. This reduction is presented
as the mentioned drop of activation energy, Q, from 147.4 kJ/mol to 117.7 k] /mol for
the ECAP-processed sample compared to the un-deformed sample, as demonstrated in
Figure 8. Although further investigations are needed to clarify better the details of thermally
activated processes—both the dissolution and precipitation—during DSC measurements,
the present results are important for understanding the unusually high-plastic behavior of
this UFG alloy after ECAP processing [12] which will soon be examined. On the whole,
the grain-refining, strengthening, as well as precipitation-facilitating effects from equal
channel angular pressing as a useful severe plastic deformation process are an exciting field
in today’s materials science.

5. Conclusions

The effect of the ECAP process on the hardness and microstructural properties of an
AlZnMgZr alloy was studied by using DSI, TEM, and DSC techniques. The main results
can be summarized as follows:

1. It has been shown that the room-temperature severe plastic deformation exerted
by ECAP resulted in not only an ultrafine-grained but also a strongly precipitated
structure in the investigated AlZnMgZr alloy;

2. Asa collective consequence of grain-size (Hall-Petch) strengthening and precipitate-
hardening, the ECAP process significantly—two and half times—increased the initial
hardness (830 MPa) of the freshly quenched sample to 2115 MPa;

3. It was demonstrated that the SPD via ECAP has a strong effect on the dissolu-
tion (endothermic) and precipitation (exothermic) processes during the DSC mea-
surements because of the significant changes in the microstructure of the ECAP-
processed samples;

4.  Results of the DSC tests have revealed that both the dissolution and precipitation
processes are characterized by a specific enthalpy of dissolution, AH. As the effect of
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the ECAP process, while the specific enthalpy obtained for dissolution, AH; decreased
from a range of 5.0 to 6.2 to a range of 4.2 to 3.5 J/g, the value obtained for the
precipitation, AH,, increased from a range of 5.9 to 7.0 to a range of 4.1 t0 2.6 /g;

5. Results of the DSC tests have also revealed that both the dissolution and precipitation
processes are characterized by an activation energy, Q. As the effect of the ECAP
process, while the activation energy obtained for dissolution, Q; increased from
84.8 to 110.9 k] /mole, the value obtained for the precipitation, Q, decreased from
147.4 to 117.7 k] /mole.

The obtained results allow one to expect a significant change in the mechanical proper-
ties of the alloy after ECAP processing not only at RT, but also at an elevated temperature,
and this could be a topic of further research.

Author Contributions: Conceptualization, A.Q.A. and N.Q.C.; methodology, A.Q.A. and N.Q.C;
validation, A.Q.A. and N.Q.C,; investigation, A.Q.A. and D.O.; writing—original draft preparation,
A.Q.A. and N.Q.C.; writing—review and editing, A.Q.A., N.Q.C., E.V.B. and R.Z.V,; supervision,
N.Q.C,; project administration, N.Q.C. and R.Z.V,; funding acquisition, N.Q.C. and R.Z.V. All authors
have read and agreed to the published version of the manuscript.

Funding: D.O. and N.Q.C. wish to thank the KDP-2021 Program of the Ministry of Innovation
and Technology from the source of the National Research, Development and Innovation Fund,
the Hungarian-Russian Research program (TET) No. 2021-1.2.5-TET-IPARI-RU-2021-00001, the
Hungarian Scientific Research Fund OTKA, Grant number K143216 for the research support. The
work of R.Z.V. and E.V.B. was supported by the Ministry of Science and Higher Education of the
Russian Federation under project No. 13.2251.21.0196 (grant agreement No. 075-15-2023-443).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw and processed data required to reproduce these results are
available upon reasonable request.

Acknowledgments: A.Q.A. would like to thank the University of Kufa in Iraq for supporting and
facilitating his doctoral studies at E6tvos Lorand University (ELTE).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Altenbach, C.; Schnatterer, C.; Mercado, U.A.; Suuronen, ].P.; Zander, D.; Requena, G. Synchrotron-based holotomography and
X-ray fluorescence study on the stress corrosion cracking behavior of the peak-aged 7075 aluminum alloy. J. Alloys Compd. 2020,
817,152722. [CrossRef]

Miller, W.; Zhuang, L.; Bottema, J.; Wittebrood, A.; De Smet, P.; Haszler, A.; Vieregge, A. Recent development in aluminium alloys
for the automotive industry. Mater. Sci. Eng. A 2000, 280, 37—49. [CrossRef]

Heinz, A.; Haszler, A.; Keidel, C.; Moldenhauer, S.; Benedictus, R.; Miller, W. Recent development in aluminium alloys for
aerospace applications. Mater. Sci. Eng. A 2000, 280, 102-107. [CrossRef]

Hirsch, J. Aluminium in innovative light-weight car design. Mater. Trans. 2011, 52, 818-824. [CrossRef]

Zheng, K,; Politis, D.J.; Wang, L.; Lin, J. A review on forming techniques for manufacturing lightweight complex-shaped
aluminium panel components. Int. J. Lightweight Mater. Manuf. 2018, 1, 55-80. [CrossRef]

Mondolfo, L.F. Structure of the aluminium: Magnesium: Zinc alloys. Int. Metall. Rev. 1971, 153, 95-124. [CrossRef]

Polmear, 1.]. Light Alloys: Metallurgy of the Light Metals, 3rd ed.; Arnold: London, UK, 1995.

Aoba, T.; Kobayashi, M.; Miura, H. Effects of Aging on Mechanical Properties and Microstructure of Multi-Directionally Forged
7075 Aluminum Alloy. Mater. Sci. Eng. A 2017, 700, 220-225. [CrossRef]

Watanabe, K.; Matsuda, K.; Ikeno, S.; Yoshida, T.; Murakami, S. TEM observation of precipitate structures in Al-Zn-Mg alloys
with addition of Cu/Ag. Metall. Mater. 2015, 60, 977-979. [CrossRef]

Lee, S.; Tazoe, K.; Mohamed, L.E,; Horita, Z. Strengthening of AA7075 alloy by processing with high-pressure sliding (HPS) and
subsequent aging. Mater. Sci. Eng. A 2015, 628, 56-61. [CrossRef]

Zhao, T.; Luo, H.; Luo, J.; Wang, R. Enhanced intragranular dislocation capture ability in nano/ultrafine Al-Zn-Mg-Cu alloy by
burnishing-assisted two-stage aging treatment-induced dynamic nucleation. J. Alloys Compd. 2023, 960, 170572. [CrossRef]


https://doi.org/10.1016/j.jallcom.2019.152722
https://doi.org/10.1016/S0921-5093(99)00653-X
https://doi.org/10.1016/S0921-5093(99)00674-7
https://doi.org/10.2320/matertrans.L-MZ201132
https://doi.org/10.1016/j.ijlmm.2018.03.006
https://doi.org/10.1179/095066071790137865
https://doi.org/10.1016/j.msea.2017.06.017
https://doi.org/10.1515/amm-2015-0244
https://doi.org/10.1016/j.msea.2015.01.026
https://doi.org/10.1016/j.jallcom.2023.170572

Materials 2023, 16, 6593 14 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Boldizsar, B.; Jenei, P.; Ahmed, A.Q.; Murashkin, M.Y.; Valiev, R.Z.; Chinh, N.Q. Low temperature super ductility and threshold
stress of an ultrafine-grained Al-Zn-Mg-Zr alloy processed by equal-channel angular pressing. J. Mater. Sci. 2021, 56, 19244-19252.
[CrossRef]

Gubicza, J.; Labar, J.L.; Lendvai, J.; Chinh, N.Q. The influence of artificial aging on the microstructure and hardness of an
Al-Zn-Mg-Zr alloy processed by equal channel angular pressing. J. Mater. Sci. 2019, 54, 10918-10928. [CrossRef]

Xu, C.; Furukawa, M.; Horita, Z.; Langdon, T.G. Influence of ECAP on precipitate distributions in a spray-cast aluminum alloy.
Acta Mater. 2005, 53, 749-758. [CrossRef]

Samaee, M.; Najafi, S.; Eivani, A.R.; Jafarian, H.R.; Zhou, J. Simultaneous improvements of the strength and ductility of
fine-grained AA6063 alloy with increasing number of ECAP passes. Mater. Sci. Eng. A 2016, 669, 350-357. [CrossRef]

Duan, Z.C.; Chinh, N.Q.; Xu, C.; Langdon, T.G. Developing processing routes for the equal-channel angular pressing of
age-hardenable aluminum alloys. Metall. Mater. Trans. A 2010, 41, 802-809. [CrossRef]

Wei, S.L.; Feng, Y.; Zhang, H.; Xu, C.T.; Wu, Y. Influence of aging on microstructure, mechanical properties and stress corrosion
cracking of 7136 aluminum alloy. J. Cent. South Univ. 2021, 28, 2687-2700. [CrossRef]

Singaravelu, A.S.S.; Williams, ].J.; Goyal, H.D.; Niverty, S.; Singh, S.S.; Stannard, T.].; Chawla, N. 3D time-resolved observations of
fatigue crack initiation and growth from corrosion pits in Al 7XXX alloys using in situ synchrotron X-ray tomography. Metall.
Mater. Trans. A 2020, 51, 28-41. [CrossRef]

Ma, K.; Hu, T,; Yang, H.; Topping, T.; Yousefiani, A.; Lavernia, E.J.; Schoenung, ]. M. Coupling of dislocations and precipitates:
Impact on the mechanical behavior of ultrafine grained Al-Zn-Mg alloys. Acta Mater. 2016, 103, 153-164. [CrossRef]

Song, Z.; Niu, R.; Cui, X.; Bobruk, E.V.; Murashkin, M.Y.; Enikeev, N.A.; Ji, G.; Song, M.; Bhatia, V,; Ringer, S.P; et al. Mechanism
of room-temperature superplasticity in ultrafine-grained Al-Zn alloys. Acta Mater. 2023, 246, 118671. [CrossRef]

Kumar, P; Kawasaki, M.; Langdon, T.G. Review: Overcoming the paradox of strength and ductility in ultrafine-grained materials
at low temperatures. J. Mater. Sci. 2016, 51, 7-18. [CrossRef]

Li, G; Xu, S;; Wan, T; Liu, H.; Xie, L.; Zhang, M.; Li, J. Effect of intermediate-temperature severe plastic deformation on
microstructure evolution, mechanical properties and corrosion behavior of an Al-Zn-Mg-Cu alloy. Mater. Charact. 2023,
205, 113248. [CrossRef]

Lee, S.; Watanabe, K.; Matsuda, K.; Horita, Z. Low-temperature and high-strain-rate superplasticity of ultrafine-grained A7075
processed by high-pressure torsion. Mater. Trans. 2018, 59, 1341-1347. [CrossRef]

Chinh, N.Q.; Murashkin, M.Y.; Bobruk, E.V.; Labar, ]J.L.; Gubicza, J.; Kovacs, Z.; Ahmed, A.Q.; Maier-Kiener, V.; Valiev, R.Z.
Ultralow-temperature superplasticity and its novel mechanism in ultrafine-grained Al alloys. Mater. Res. Lett. 2021, 9, 475-482.
[CrossRef]

Wang, F; Qui, D.; Liu, Z.L.; Taylor, ].A.; Easton, M.A.; Zhang, M.X. The grain refinement mechanism of cast aluminium by
zirconium. Acta Mater. 2013, 61, 5636-5645. [CrossRef]

Werenskiold, J.C. Equal Channel Angular Pressing (ECAP) of AA6082: Mechanical Properties, Texture and Microstructural
Development. Ph.D. Thesis, Norwegian University of Science and Technology, Trondheim, Norway, 2004.

Langdon, T.G. Overview: Using Severe Plastic Deformation in the Processing of Superplastic Materials. Mater. Trans. 2023, 64,
1299-1305. [CrossRef]

Jia, D.; He, T;; Song, M.; Huo, Y.; Hu, H. Effects of equal channel angular pressing and further cold upsetting process to the
kinetics of precipitation during aging of 7050 aluminum alloy. J. Mater. Res. Technol. 2023, 26, 5126-5240. [CrossRef]

Pharr, G.M.; Oliver, W.C.; Brotzen, ER. Ont he generality of the relationship among contact stiffness, contact area, and elastic
modulus during indentation. J. Mater. Res. 1992, 7, 613-617. [CrossRef]

Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load and displacement
sensing indentation experiments. J. Mater. Res. 1992, 7, 1564-1583. [CrossRef]

Chinh, N.Q.; Lendvai, ].; Ping, D.H.; Hono, K. The effect of Cu on mechanical and precipitation properties of Al-Zn-Mg alloys. J.
Alloys. Compd. 2004, 378, 52-60. [CrossRef]

Portevin, A.; Le Chatelier, F. Sur un phénomene observé lors de 'essai de traction d’alliages en cours de transformation. Compt.
Rend. Acad. Sci. Paris. 1923, 19, 176.

Lu, J.; Song, Y.; Zhou, P; Xu, H.; Liu, Y.; Hua, L. Effect of thermal strain on the microstructure evolution and post-aging mechanical
properties of Al-Zn-Mg-Cu alloy in simulating hot stamping process. Mater. Sci. Eng. A 2023, 880, 145316. [CrossRef]

Priya, P.; Krane, M.].M.; Johnson, D.R. Precipitation of Al3Zr Dispersoids during Homogenization of Al-Zn-Cu-Mg-Zr Alloys.
In Light Metals; Williams, E., Ed.; Springer: Cham, Switzerland, 2016; pp. 213-218.

Jiang, X.J.; Tafto, J.; Noble, B.; Holme, B.; Waterloo, G. Differential scanning calorimetry and electron diffraction investigation on
low-temperature aging in Al-Zn-Mg alloys. Metall. Mater. Trans. A 2000, 31, 339-348. [CrossRef]

Loffler, H.; Kovacs, I.; Lendvai, ]. Decomposition processes in Al-Zn-Mg alloys. J. Mater. Sci. 1983, 18, 2215-2240. [CrossRef]
Miesenberger, B.; Kozeschnik, E.; Milkereit, B.; Warczok, P.; Povoden-Karadeniz, E. Computational analysis of heterogeneous
nucleation and precipitation in AA6005 Al-alloy during continuous cooling DSC experiments. Materialia 2022, 25, 101538.
[CrossRef]

Chemingui, M.; Ameur, R.; Optasanu, V.; Khitouni, M. DSC analysis of phase transformations during precipitation hardening in
Al-Zn-Mg alloy (7020). . Therm. Anal. Calorim. 2019, 136, 1887-1894. [CrossRef]


https://doi.org/10.1007/s10853-021-06527-4
https://doi.org/10.1007/s10853-019-03646-x
https://doi.org/10.1016/j.actamat.2004.10.026
https://doi.org/10.1016/j.msea.2016.05.070
https://doi.org/10.1007/s11661-009-0020-1
https://doi.org/10.1007/s11771-021-4802-y
https://doi.org/10.1007/s11661-019-05519-z
https://doi.org/10.1016/j.actamat.2015.09.017
https://doi.org/10.1016/j.actamat.2023.118671
https://doi.org/10.1007/s10853-015-9143-5
https://doi.org/10.1016/j.matchar.2023.113248
https://doi.org/10.2320/matertrans.L-M2018825
https://doi.org/10.1080/21663831.2021.1976293
https://doi.org/10.1016/j.actamat.2013.05.044
https://doi.org/10.2320/matertrans.MT-MF2022021
https://doi.org/10.1016/j.jmrt.2023.08.258
https://doi.org/10.1557/JMR.1992.0613
https://doi.org/10.1557/JMR.1992.1564
https://doi.org/10.1016/j.jallcom.2003.11.175
https://doi.org/10.1016/j.msea.2023.145316
https://doi.org/10.1007/s11661-000-0269-x
https://doi.org/10.1007/BF00541825
https://doi.org/10.1016/j.mtla.2022.101538
https://doi.org/10.1007/s10973-018-7856-9

Materials 2023, 16, 6593 15 of 15

39.

40.

41.

42.
43.

44.
45.

46.

47.

48.

49.

Starink, M.J.; Gao, N.; Furukawa, M.; Horita, Z.; Xu, C.; Langdon, T.G. Microstructural developments in a spray-cast Al-7034
alloy processed by equal-channel angular pressing. Rev. Adv. Mater. Sci. 2004, 7, 1-12.

Ahmed, A.Q.; Ugi, D.; Lendvali, J.; Murashkin, M.Y.; Bobruk, E.V,; Valiev, R.Z.; Chinh, N.Q. Effect of Zn content on microstructure
evolution in Al-Zn alloys processed by high-pressure torsion. J. Mater. Res. 2023, 38, 3602-3612. [CrossRef]

Hutchinson, C.R. Modeling the Kinetics of Precipitation in Aluminium Alloys. In Fundamentals of Aluminium Metallurgy;
Woodhead Publishing: Sawston, UK, 2011; pp. 422—467.

Hansen, N. Hall-Petch relation and boundary strengthening. Scripta Mater. 2004, 51, 801-806. [CrossRef]

Sun, W.; Zhu, Y.; Marceau, R.; Wang, L.; Zhang, Q.; Gao, X.; Hutchinson, C. Precipitation strengthening of aluminum alloys by
room-temperature cyclic plasticity. Science 2019, 363, 972-975. [CrossRef]

Birol, Y. DSC analysis of the precipitation reaction in AA6005 alloy. |. Therm. Anal. Calorim. 2008, 93, 977-981. [CrossRef]

Osten, J.; Milkereit, B.; Schick, C.; Kessler, O. Dissolution and precipitation behaviour during continuous heating of Al-Mg-Si
alloys in a wide range of heating rates. Materials 2015, 8, 2830-2848. [CrossRef]

Tschopp, M.A.; McDowell, D.L. Asymmetric tilt grain boundary structure and energy in copper and aluminium. Philos. Mag.
2007, 87, 3871-3892. [CrossRef]

Stiller, K.; Warren, PJ.; Hansen, V.; Angenete, ].; Gjonnes, J. Investigation of precipitation in an Al-Zn-Mg alloy after two-step
ageing treatment at 100° and 150 °C. Mater. Sci. Eng. A 1999, 270, 55-63. [CrossRef]

Deschamps, A.; Livet, E; Bréchet, Y. Influence of predeformation on ageing in an Al-Zn-Mg alloy—I. Microstructure evolution
and mechanical properties. Acta Mater. 1998, 47, 281-292. [CrossRef]

Ghosh, K.S.; Gao, N. Determination of kinetic parameters from calorimetric study of solid state reactions in 7150 Al-Zn-Mg alloy.
Trans. Nonferrous Met. Soc. China 2011, 21, 1199-1209. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1557/s43578-023-01088-5
https://doi.org/10.1016/j.scriptamat.2004.06.002
https://doi.org/10.1126/science.aav7086
https://doi.org/10.1007/s10973-007-8686-3
https://doi.org/10.3390/ma8052830
https://doi.org/10.1080/14786430701455321
https://doi.org/10.1016/S0921-5093(99)00231-2
https://doi.org/10.1016/S1359-6454(98)00293-6
https://doi.org/10.1016/S1003-6326(11)60843-1

	Introduction 
	Materials and Methods 
	Results 
	Mechanical and Microstructural Investigations 
	The Background: Hardness Behavior 
	TEM Investigations 

	Characterization of Microstructure by DSC Investigations 
	Specific Enthalpies Characterizing the Dissolution and Precipitation Reactions 
	Kinetic Parameters for Dissolution and Precipitation Reactions 
	The Activation Energy of Dissolution and Precipitation Processes 


	Discussion 
	Conclusions 
	References

