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Al–Zn alloys having different Zn contents of 2, 5, 10 and 30 wt% were processed by high-pressure 
torsion (HPT) to produce ultrafine-grained (UFG) materials. Microstructural features of these UFG 
Al–Zn alloys were investigated using depth-sensing indentations, focused ion beam (FIB), scanning 
electron microscopy (SEM) and differential scanning calorimetry (DSC). Emphasis was placed on the 
microstructure evolution of the alloys with different Zn-concentration which demonstrated substantially 
different mechanical behavior, exhibiting superductility with increasing Zn content. It was shown that 
in every case, HPT resulted decomposition in the microstructure, but there is a significant difference 
between the microstructures of alloys with low and high Zn content. Based on the microstructural 
observations, a scenario is proposed about that how the decomposed microstructure developed during 
HPT process in low- and high Zn-containing Al–Zn alloys, influencing their mechanical behavior.

Introduction
Being one of the basic materials in the Al industry, alloys of the 
Al–Zn system always retain attractiveness in material research. 
Both special compositions, such as eutectic and eutectoid, and 
solid solution Al–Zn alloys have been extensively studied [1–11]. 
During the past two decades, several studies were devoted to 
grain boundary phenomena of these alloys [3, 6–8, 12–17], since 
it is well known that the mechanical properties of an alloy of 
given composition are strongly influenced by the grain size and 
eventually by grain boundary segregation and/or the formation 
of a grain boundary phase. In order to achieve extreme grain-
refinement in bulk Al–Zn samples most commonly severe plas-
tic deformation (SPD) is applied [18]. Previous works [3, 7, 9, 
16, 17] have shown some unexpected results on the behaviors 
of Al–Zn alloys processed by severe plastic deformation (SPD) 
using the high-pressure torsion (HPT) technique [19]. Micro-
structure of the HPT-processed Al–Zn alloys was carefully stud-
ied using transmission electron microscopy (TEM). Together 
with the grain-refining effect, HPT processing has also resulted 
in significant decomposition of the solid solution state in the 

alloys having high Zn contents. The experimental observations 
of the HPT-processed microstructure [3, 5–8] have shown the 
formation of Zn particles, in the Al/Al grain boundaries and 
mainly in grain boundary triple junctions and also inside the 
Al grains. Furthermore, high resolution electron microscopy 
(HRTEM) and energy-dispersive X-ray spectroscopy (EDS) 
investigations [5, 6, 14–17] have revealed thin Zn-rich layers 
in grain boundaries of the SPD processed UFG Al–Zn alloys 
having Zn content higher than 10 wt%. These UFG alloys show 
intensive grain boundary sliding (GBS) during plastic defor-
mation, even at room temperature [3–5, 16, 17]. It has been 
shown that the intensive GBS in the system having Zn-wetted 
grain boundaries is controlled by relatively high diffusion of Zn 
atoms along grain boundary [16, 17]. In addition, these materi-
als showed an unexpected softening despite the UFG micro-
structure [5, 20, 21].

It should be noted that significantly increasing the Zn con-
tent to 50 weight percent (in Al-30 at.% Zn alloy) [16], the effect 
of the wetted grain boundaries becomes more pronounced in the 
HPT-processed sample, leading to high strain rate sensitivity of 

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-023-01088-5&domain=pdf
http://orcid.org/0000-0002-6610-7308
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0.4 and superplasticity over 400% tensile elongation at room 
temperature. However, the strong Zn-wetted grain boundaries 
in this extra concentrated sample have enhanced grain bound-
ary energy, reducing the stability of grain boundaries. Because 
of this, the HPT-processed microstructure suffered recovery 
during storage at room temperature. The average grain size has 
significantly increased from 280 to 550 nm during room tem-
perature superplastic deformation [16].

The objective of the present study was to reveal the 
correlation between Zn concentrations and the microstructural 
and mechanical properties of Al–Zn alloys processed by HPT, 
giving thereby further details on the dependence of mechanical 
properties on the grain and precipitate microstructure of UFG 
Al–Zn alloys.

Experimental results and discussion
Mechanical properties of HPT‑processed Al–Zn alloys

Mechanical tensile tests to reveal the superplastic features 
during the deformation of the UFG Al–Zn alloys were 
performed at room temperature in a strain rate range of 10–2 
to 10–4 s–1 in accordance with [6, 21]. Characterization of the 
mechanical properties at room temperature demonstrated a 
direct dependence of the ultimate tensile strength (UTS) on 
the Zn content increase in the binary Al–Zn alloys (for Al-2Zn, 
σ = 116–122 MPa; for Al-5Zn, σ = 198–220 MPa; for Al-10Zn, 
σ = 290–300 MPa; for Al-30Zn, σ = 280–320 MPa), the ductility 
of all the alloys was 30–40% in the whole strain rate range. A 
different behavior was revealed in Al-30Zn sample deformed 
at a strain rate of 10–4 s−1, where the flow stress decreased to 
σ = 123 ± 3 MPa, the ductility reached 235% and the strain rate 
sensitivity parameter was m = 0.36 [6, 21].

Figure 1 shows the hardness of the Al–Zn samples before 
(as annealed) and after HPT processing in the function of Zn 
concentration. Considering the effect of the alloying atoms, 
it can be seen that the Vickers hardness, HV of the coarse-
grained annealed samples is “normally” increasing linearly 
with the increasing Zn content (see the black square symbols 
in Fig. 1). In theory, if the microstructure had remained in 
solid solution during the HPT process, taking into account 
also the strengthening role of Hall–Petch effect for pure Al 
[22] beside this “normal” solute-strengthening, the hardness 
of the Al-10Zn sample (with average grain size of 435 nm) and 
of the Al-30Zn sample (with average grain size of 350 nm) 
would be about 90 and 160, respectively (see blue half-right 
circle symbols). Instead, however, experimental results show 
much lower hardness for the two high Zn-containing alloys, 
indicating a softening in these HPT-processed alloys. The 
hardness of the HPT-processed alloys become almost constant 
at the value of 72 for Zn concentration higher than 5% (see red 

circle symbols). The softening of the high Zn-concentrated 
alloys is also the consequence of the decomposition of the 
initial supersaturated microstructure [5, 16, 17, 20] during 
severe plastic deformation, which leads to a decrease in the 
concentration of solute Zn in the Al matrix and thus to a drop 
in hardness. Taking into account the solubility of about 2wt% 
at room temperature for Zn in Al, the decomposition in the 
low Zn-content (Al-2Zn and Al-5Zn alloys) is not significant 
so that normal hardening—due to the Hall–Petch effect—is 
still observed (see in Fig. 1).

It should be emphasized that the decomposition during 
SPD resulted not only the formation of Zn particles, but also 
the segregation of Zn atoms into Al/Al grain boundaries, 
which was recently interpreted by simulation calculations [23]. 
Because of significant segregation, more than 50% of the Al/
Al grain boundaries in the HPT-processed Al-30Zn alloy is 
wetted by Zn-rich layers [5, 7], by which this alloy can show 
unique plastic behaviors. Figure 2 shows the stress–strain 
( σ − ε ) curves obtained by compressing micro-pillars of the 
HPT-processed Al-30Zn sample at room temperature at dif-
ferent strain rates. It can be seen that the flow stress is strongly 
dependent on the strain rate, leading to a high strain rate sen-
sitivity (SRS) of about 0.36, similarly to that obtained by tensile 
test. It is well known that ultrafine-grained materials generally 
exhibit low SRS of about 0.01–0.03 [24]. The high SRS of the 
HPT-processed Al-30Zn sample is accompanied with its room 
temperature superductility for an elongation of 235% [6, 21], 
which is also an unexpected phenomenon in the case of UFG.

The unexpectedly high SRS, as well as the unexpected 
superductility are the consequence of the high fraction of 
grain boundaries wetted by Zn layers, which greatly facilitate 
the grain boundary sliding (GBS) mechanism [3, 5]. Figure 3 
shows SEM micrographs of the surface morphology of micro-
pillar deformed at pressing velocity of 10 nm/s (denoted by 

Figure 1:   Effect of HPT processing on microhardness in the function of 
the nominal Zn content.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
38

  
 I

ss
ue

 1
4 

 J
ul

y 
20

23
 

 w
w

w
.m

rs
.o

rg
/jm

r

Article

© The Author(s) 2023 3604

Article

red curve) shown in Fig. 2. demonstrating clearly the occur-
rence of intensive GBS during plastic deformation at room 
temperature.

Because of intensive GBS, the displacement of the fine grains 
relative to each other can be clearly observed in the higher mag-
nification image of Fig. 3(b), where ultrafine grains emerging 
from the surface are visible as rings around the pillar-sample.

Characterization of microstructure by DSC 
investigations

Dissolution of precipitates in HPT‑processed Al–Zn alloys 

and characteristic specific enthalpy

Figure 4 shows typical DSC thermograms taken on the inves-
tigated samples. The curves obtained at the same heating rate, 
V of 30 K/min on HPT-processed alloys containing 2, 5, 10 
and 30wt% Zn can be seen in Fig. 4(a), and those for HPT-
processed Al-5Zn alloy at different heating rates are shown 
in Fig. 4(b). In all cases only an endothermic process can be 
observed on the thermograms, indicating the dissolution of 
Zn precipitates. Furthermore, the specific enthalpy of dissolu-
tion, �H,—the area belonging to the peak when plotting the 

Figure 2:   Stress–strain curves obtained by compressing micro-pillars at 
room temperature, at different pressing velocities on the surface of HPT-
processed Al-30Zn sample.

Figure 3:   Surface morphologies of compressed micro-pillars for the HPT Al-30Zn sample in (a) low and (b) high magnifications.

Figure 4:   Typical DSC thermograms taken (a) on HPT-processed alloys containing 2, 5, 10 and 30wt% Zn at 30 K/min heating rate, and (b) on HPT-
processed Al-5Zn at different heating rates.
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heat flow in the function of time—is unambiguously increas-
ing with increasing Zn-content [Fig. 4(a)].

Figure 5 shows the specific heats of dissolution, �H as a 
function of the heating rates for the different concentration 
alloys [Fig. 5(a)] as well as the function of Zn concentration 
[Fig. 5(b)]. It can be seen that the value of �H is independent 
of the heating rate at a given Zn concentration [see Fig. 5(a)], 
but it is linearly increasing with the Zn content of the sample 
[Fig. 5(b)]. It is clear that the magnitude of the �H is related 
to the amount of Zn precipitates/mass unit formed in the given 
alloy in the decomposition taking place during the HPT pro-
cess. Previously reported results [7, 25] have shown that, due to 
decomposition, almost only the amount of Zn corresponding to 
the equilibrium solubility at room temperature (somewhat below 
2%) remains in solid solution. Therefore, the linear relationship 
shown in Fig. 5(b) is a completely normal, expected connection. 
The value of �H obtained for the Al-2Zn alloy is negligible and 
it increases linearly with the Zn content of the alloys.

Results of the DSC measurements also show that at a given 
Zn concentration, the peak-temperature of the endothermic 
peak is shifted to higher temperatures with increasing heating 
rates [see Fig. 4(b)], indicating that the dissolution is a ther-
mally activated – time dependent process. The maximum heat 
flow takes place at higher temperature in faster process when 
applying higher heating rate. In order to examine the dissolu-
tion process, Avrami-Johnson-Mehl theory [26] is incorporated 
and addressed to determine kinetics parameters, such as the dis-
solved volume fraction, Y and the rate of transformation, dY/dt, 
as well as the activation energy, Qac for the dissolution process.

Kinetic parameters for dissolution reactions

In general, the progress of reaction over a wide range of tem-
peratures in DSC run of non-isothermal transformations shows 
the developing of kinetics of precipitations and dissolution of 
precipitates, where the total heat effects Q(T) detectable between 

the initial temperature, Ti of a peak and temperature, T can be 
given by:

where m and V represent the mass of the sample and heating rate, 
respectively. E is a calibration constant [27]. A(T) characterizes the 
area under the peak in the range of temperatures extended from 
Ti to T , obtained by integrating the heat flow, q by temperature:

It should be noted that in the present case, the heat flow, q 
and then A(T) and Q(T) are all characterizing dissolution reac-
tions. If Tf  represents the ultimate temperature of the peak,

Assuming that Q0 is the heat effect per mole of precipitate, 
therefore, the total heat effects can be expressed as

And

where n(T) represents the number of moles for the precipitate 
that dissolve per unit mass of material up to temperature, T dur-
ing DSC.

Combining Eqs. (1), (3) and (4), the volume fraction,

of the dissolved precipitates can also be given by

(1)Q(T) =
EA(T)

mV

(2)A(T) =
T
∫
Ti

qdT .

(3)Q
(

Tf

)

=
EA

(

Tf

)

mV

(4)Q(T) = Q0 · n(T)

(5)Q
(

Tf

)

= Q0 · n
(

Tf

)

,

Y(T) =
n(T)

n
(

Tf

)

(6)Y(T) =
A(T)

A
(

Tf

) ,

Figure 5:   Specific enthalpy, �H , (a) obtained from the DSC thermograms taken at different heating rates and (b) in the function of Zn concentration.
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which can be then determined by applying Eq. (2) for DSC 
thermograms.

Figure 6 shows the experimentally determined Y–T plots 
characterizing the dissolution at different heating rate for the 
investigated Al–Zn alloys.

It can be seen that the Y–T curves are characterized typically 
with a sigmoidal shape and shifted to higher temperature as the 
heating rate and solute concentration are increased, similarly 
to the heat flow vs temperature (q-T) relations. In this work, 
the kinetics of alloys with low and high Zn content show a sig-
nificant change. It can be seen, for instance, that the dissolution 
process is achieved at 458 and 552 K for Al-2Zn and Al-30Zn 
alloys, respectively, when applying the heating rate of 10 K/min 
under the same conditions. These final temperatures are shifted 
to 480 and 580 K for Al-2Zn and Al-30Zn, respectively in the 
case of higher heating rate of 40 K/min [see Figs. 6(a) and (d)]. 
This difference is certainly related to the decomposed micro-
structures of the HPT-processed alloys. The transmission elec-
tron microscopy (TEM) images of Fig. 7 demonstrate a clearly 
visible difference between the two mentioned alloys.

In case of low Zn content (Al-2Zn), the supersaturated 
solid solution typically decomposes into Guinier–preston (GP) 
zones and followed by a few density number of semi-coherent 
metastable phase nucleated inside grains through HPT process. 
Likewise, it was impossible to detect a significant Zn segregation 
along GB and triple junction due to the Zn concentration lack. 
As a result, for this phenomenon, microstructure has a relatively 
high average grain size of about 1 µm, because lacking of pin-
ning effect [Fig. 7(a)].

For the high Zn concentration (Al-30Zn), the supersatu-
rated solid solution decomposed by discontinuous precipitation 
(DP) mechanism. This decomposition process of yields two 
products in form of a lamellar of (Al) and (Zn) phases which 
aggregated behind a migrating reaction front along which Zn 
atoms have the ability to redistributed easily. Therefore, the 
kinetic of reaction is determined by the velocity of this migrat-
ing reaction front. A large volume fraction of Zn particles has 
nucleated and growth along GBs and triple junctions in alloys 
having high Zn content (Al-10Zn and Al-30Zn) [7]. This kind 
of segregation enhance the pinning effect, which in turn drives 
the decomposition process to produce a smaller grain at higher 

Figure 6:   Plots of Y–T characterizing dissolutions at different heating rates for (a) Al-2Zn, (b) Al-5Zn, (c) Al-10Zn and (d) Al-30Zn alloys.
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temperature. Therefore, the average grain size of high Zn-con-
centrated HPT-processed samples is lower than 500 nm. Fur-
thermore, intragranular nanoscaled Zn particles of low and high 
densities can also be observed, as shown in Fig. 7.

In the knowledge of the fraction volume, Y(T), the rate of 
transformation, dY/dt can also be experimentally calculated 
using the heating rate, V as following:

or

Figure 8 shows the rate of transformation, dY/dt in the func-
tion of temperature, T at different heating rate for the investi-
gated Al–Zn alloys. It is clear that each dY/dt – T curve has a 
maximum, which is also shifted to higher temperature as the 
heating rate and solute concentration are increased, similarly 
to the heat flow vs temperature (q-T) relations (in Fig. 4) and 
the above mentioned Y–T curves (in Fig. 6). It can be seen that 
the peak of the maximum rate of transformation is shifted from 

(7)
dY

dt
=

dY

dT
·
dT

dt
,

(8)
dY

dt
=

dY

dT
· V

427 to 454 K, and from 520 to 538 K in Al-2Zn and Al-30Zn 
alloys, respectively, when the heating rate is increased from 10 
to 40 K/min. It is clear for the obtained data that precipitates 
formed during HPT process drive the transformation rate sig-
nificantly. As mentioned previously, the low Zn concentration 
alloys decomposed into GP zones form and/or semi-coherent 
metastable phase particles, while for high Zn concentration 
migrating reaction front of two phases is present, leading to the 
more difficult dissolution process during DSC measurements. 
This is the reason for the significant shift of about 100 K between 
the rates of transformation in Al-2Zn and Al-30Zn alloys, at a 
given heating rate.

Activation energy for dissolution process

As it has already been mentioned, results of the DSC measure-
ments also show that at a given Zn concentration, the peak-
temperature of the endothermic peak is shifted to higher tem-
peratures with increasing heating rates [see Fig. 4(b)], indicating 
that the dissolution is a thermally activated process. In order to 
determine the activation energy, Qac characterizing the dissolu-
tion process, the generalized Kissinger equation [26]:

Figure 7:   TEM images of the HPT-processed Al–Zn alloys, showing the ultrafine-grained (UFG) structure and Zn particles at triple junctions and in the 
grain interiors, Zn interlayers at the Al grain boundaries: (a, b) bright-field images of the Al-2Zn alloy; (c) dark-field image of the Al-2Zn alloy; (d, e) 
bright-field images of the Al-10Zn alloy; (f ) dark-field image of the Al-10Zn alloy; (g, h) bright-field images of the Al-30Zn alloy; (i) dark-field image of 
the Al-30Zn alloy. (Some Zn particles are shown by small red arrows).
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can be used, where V is the heating rate, (in K/min) and Tp is 
the peak-temperature of the endothermic process for a given Zn 
concentration, C is a material-constant and R is the universal 
gas constant.

Figure 9 shows the Kissinger plots obtained for the alloys 
with different Zn concentrations. It can be seen that for a given 
Zn concentration, the data points can well be fitted with a linear 
line. From the slope of this fitted line, according to Eq. (9) the 
activation energy, Qac can be determined.

Experimental results show that while the value of the 
specific enthalpy, ∆H is continuously increasing with the Zn 
content, the activation energy, Qac rather characterizes the 
regions with low and high Zn concentration. In the region of 
low Zn contents, for Al-2Zn and Al-5Zn alloys, the activation 
energy is about 88 ± 2.5 kJ/mole, but in the region of higher Zn 
contents, for the Al-10Zn and Al-30Zn alloys, a much higher 
value, Qac ≈ 187 ÷ 189 kJ/mole was observed.

(9)ln

(

V

T2
p

)

= −
Qac

RTp
+ C

In an earlier work on the same alloys [7] it has been 
observed that in alloys with Zn concentration below about 5% 
the SPD induced precipitation process results in the formation 
of fcc α’ Zn-rich particles in the grain interiors. In the higher 
Zn-containing Al-10Zn and Al-30Zn alloys, however, there is a 

Figure 8:   Plots of dY/dt-T characterizing dissolutions at different heating rates for (a) Al-2Zn, (b) Al-5Zn, (c) Al-10Zn and (d) Al-30Zn alloys.

Figure 9:   Kissinger plots for the HPT-processed Al–Zn alloys.
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significant difference. In Al-10Zn and Al-30Zn alloys, besides 
the fcc α’ Zn-rich particles in the grain interiors, large equilib-
rium hcp Zn particles are being formed in the grain boundaries 
and especially in GB triple junctions. The linear dependence of 
�H , the heat of dissolution, on the Zn concentration [Fig. 5(b)] 
suggests, that the heat of dissolution is practically the same for 
the fcc α’ and for the hcp Zn phase. On the other hand, the 
significant difference in the activation energies in the low and 
higher concentration alloys, respectively (Fig. 9) indicates that 
the rate controlling process is strongly different in the dissolu-
tion of the α’ (fcc) phase from that of the coarse equilibrium 
Zn (hcp) particles observed only in GBs of the higher concen-
tration alloys. Consequently, the dissolution of the α’ particles, 
formed in the grain interiors is less sensitive on the heating rate 
(and also for temperature) than the coarse equilibrium hcp Zn 
particles formed in the GBs and mainly in triple junctions. The 
activation energy obtained for the Al-2Zn and Al-5Zn alloys is 
determined by the dissolution of the α’ (grain interior) particles, 
while that of the two higher concentration alloys is mainly by 
the dissolution of the hcp Zn phase particles in the GBs and 
triple junctions. The high activation energy (Qac) characterizing 
the microstructure of high Zn-containing Al-10Zn and Al-30Zn 
alloys is certainly the consequence of the strong decomposition 
during high-pressure torsion (HPT), which leads to the men-
tioned abnormal softening of these alloys.

Instead of the abnormal softening in high Zn-containing 
alloys, it has been shown previously that the dislocation density 
of the HPT-processed Al–Zn samples—due to the pinning effect 
of the solute atoms and precipitates—is normally changing, i.e. 
increasing, in the function of the nominal Zn concentration [19].

Considering the normally changing dislocation density and 
the different UFG microstructures of low- and high-Zn contain-
ing Al–Zn alloys, a schematic representation on the microstruc-
ture development and decomposition is suggested, as shown in 
Fig. 10.

Correspondingly, it can be assumed that the microstructure 
of these alloys has developed during HPT processing in the 
following steps:

	 (I)	 Along with the initial rapid, local decomposition, 
the dislocation density increases due to the intensive 
plastic deformation, as well as the pinning effect of the 
solute atoms and precipitates.

	 (II)	 This is accompanied by an ultrafine-grained structure. 
Due to the above-mentioned effect of solute atoms and 
precipitates, the higher the initial solute concentration, 
the smaller the average grain-size formed during HPT.

	 (III)	 In the case of low Zn-containing alloys, where the 
driving force for precipitation is not so high, only 
α’ (grain interior, fcc phase) particles can be formed 
together with the UFG structure in the final state.

	 (IV)	 In the case of high Zn-containing alloys, both the 
high vacancy density and dislocation density formed 
in the severe plastic deformation promote the uphill 
diffusion [23]—the segregation of the solute atoms to 
the grain boundaries, forming Zn particles in the tri-
ple junctions and thin Zn-rich layers in boundaries, 
which are observed with the UFG structure in the 
final—steady-state.

This assumed scenario may be valid for the similar 
decomposition observed for other alloys, such as Al–Mg 
[25, 28], processed also by severe plastic deformation using 
HPT. Due to the effect of the difference in atomic size, the 
decomposition is less pronounced for Al–Mg alloys. However, 
in every case, the severe plastic deformation of supersaturated 
solid solutions can be considered as a balance of two concurrent 
processes: the deformation-induced disordering and also 
deformation-accelerated diffusion, which may result in the grain 
boundary segregation. Results of this work certainly represent a 
new strategy to achieve advanced mechanical properties in UFG 
alloys using grain boundary engineering.

Conclusions
The microstructure and mechanical properties of different 
concentration HPT-processed, UFG Al–Zn alloys were 
studied. The main results can be summarized as followings:

Figure 10:   Schematic steps on microstructure-development and 
decomposition in Al–Zn alloys during the HPT process, representing (1) 
The initial coarse-grained (CG) solid solution, (2) Early state of plastic 
deformation, (3) Steady state with UFG structure and α’ (fcc) phase 
particles in low Zn-containing alloys, (4a) Grain boundary segregations 
in UFG structures of high Zn-containing alloys, and (4b) Steady state 
with UFG structure containing both α’ (fcc) and coarse equilibrium Zn 
(hcp) phase particles in high Zn-containing alloys.
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(1)	 For Zn contents lower than 10 wt%, normal strength-
ening of ultrafine-grained structure was dominant. For 
the higher Zn concentrations, despite the Hall–Petch 
strengthening effect of the fine-grained structure, nega-
tive deviation relative to the expected strengthening 
was observed.

(2)	 In alloys having high Zn content, where a significant 
proportion of the grain boundaries is covered by 
a Zn-rich layer, results of micro-compression tests 
have also shown that the room temperature plastic 
deformation of HPT-processed, high Zn-concentration 
alloys is characterized by intensive grain boundary 
sliding and high strain rate sensitivity.

(3)	 Results of DSC tests have revealed that the dissolution 
of the Zn precipitates formed during the HPT process is 
characterized by a specific enthalpy of dissolution, ΔH 
and an activation energy, Qac. While ΔH as expected is 
increasing with the Zn content, Qac has strongly different 
values for the low and high Zn concentrations because of 
different grain boundary precipitate-structures.

(4)	 Based on the experimental observations, a scenario is 
suggested schematically about that how the decom-
posed microstructure developed during HPT process 
in low- and high Zn-containing Al–Zn alloys.

Experimental materials and procedures
High purity (4N) Al and Al–Zn alloys with Zn contents of 2, 
5, 10 and 30 wt% were prepared by vacuum induction melting. 
Disks with diameters of 20 mm and thicknesses of 1.4 mm were 
solution treated at 500 °C for 1 h, then quenched into room 
temperature water, providing an annealed (initial) microstruc-
ture with an average grain size of about 60–80 µm . The solu-
tionized discs were processed by HPT for 10 revolutions at a 
rotation speed of 1 rpm under a pressure of 6 GPa. The average 
grain size of the HPT-processed samples was about 950, 500, 
435 and 350 nm for Al-2Zn, Al-5Zn, Al-10Zn and Al-30Zn 
alloys, respectively [6, 7]. For comparison, the average grain 
size of ultrafine-grained pure Al is 1200 nm [29].

The microstructure was investigated using a JEOL JEM-
2100 transmission electron microscope that operated at 
200 kV. For TEM examinations, the disc-shaped samples with 
a diameter of 3 mm and thickness of 0.1–0.15 mm were twin 
jet electropolished at temperatures of − 25–30 °C and voltages 
of 10–12 V. Jet polishing of the TEM foils was performed on 
a Tenupol-5 facility in a solution of 20% nitric acid (HNO3) 
and 80% methanol grade B (CH3OH).

Tensile tests were performed using an INSTRON 5982 uni-
versal testing machine with the Bluehill 3 software and a com-
puter system for evaluating mechanical characteristics. Tensile 

tests were carried out at strain rates of 10–2, 5 × 10–3, 10–3, 
5 × 10–4 and 10–4 s−1 at room temperature. The gauge portion 
of the tensile test samples was 5.7 × 2 × 0.6 mm3. The strain rate 
sensitivity coefficient values were calculated using the formula:

where σ is the flow stress, έ is the strain rate.
The heat effects accompanying the microstructure changes 

of the samples were also followed by heating at different heating 
rates of 10, 20, 30 and 40 K/min in a Perkin-Elmer DSC2 dif-
ferential scanning calorimeter (DSC) in the temperature range 
between 300 and 650 K.

Microhardness measurements were performed using a 
Zwick Roell ZHµ hardness tester with a Vickers indenter at 
load of 1 N.

Micro-pillars having diameter of ~ 3  µm and height 
of ~ 10 µm were prepared on the surface of the polished disks 
using scanning electron microscopy (SEM) and focused ion 
beam (FIB) functions in a multi-functional Quanta 3D oper-
ating at a voltage of 30 kV for different currents of Ga+ ions. 
Details on the pillar-preparation are given elsewhere [4].

Micro-compression tests were conducted to deform micro-
pillars. The compression measurements were carried out at room 
temperature using a flat-ended conical diamond indenter at 
different compressing velocities in a recently developed mobile 
indentation-unit [30] that can be integrated into the scanning 
electron microscope for the simultaneous examination of sur-
face morphology.
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