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ABSTRACT

An ultrafine-grained (UFG) Al-4.8%Zn-1.2%Mg-0.14%Zr (wt%) alloy was pro-

cessed by high pressure torsion (HPT) technique and then aged at 120 and

170 �C for 2 h. The changes in the microstructure due to this artificial aging were

studied by X-ray diffraction and transmission electron microscopy. It was found

that the HPT-processed alloy has a small grain size of about 200 nm and a high

dislocation density of about 8 9 1014 m-2. The majority of precipitates after HPT

are Guinier–Preston (GP) zones with a size of * 2 nm, and only a few large

particles were formed at the grain boundaries. Annealing at 120 and 170 �C for

2 h resulted in the formation of stable MgZn2 precipitates from a part of the GP

zones. It was found that for the higher temperature the fraction of the MgZn2
phase was larger and the dislocation density in the Al matrix was lower. The

changes in the precipitates and the dislocation density due to aging were cor-

related to the hardness evolution. It was found that the majority of hardness

reduction during aging was caused by the annihilation of dislocations and some

grain growth at 170 �C. The aging effect on the microstructure and the hardness

of the HPT-processed specimen was compared to that observed for the UFG

sample processed by equal-channel angular pressing. It was revealed that in the

HPT sample less secondary phase particles formed in the grain boundaries, and

the higher amount of precipitates in the grain interiors resulted in a higher

hardness even after aging.
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Introduction

Severe plastic deformation (SPD) is an effective and

extensively studied way to produce ultrafine-grained

(UFG) metals and alloys in the bulk form [1]. The two

most frequently used SPD methods are the equal-

channel angular pressing (ECAP) and the high pres-

sure torsion (HPT) [2, 3]. These techniques yield very

hard materials due to the high dislocation density

and the small grain size developed during SPD [1, 4].

Additional hardening can be achieved by post-SPD

annealing due to segregation of solutes to lattice

defects (e.g., to dislocations, stacking faults and grain

boundaries) [5–8], annihilation of mobile dislocations

[9], rearrangement of the remaining dislocations into

harder configurations [10–12], clustering of excess

vacancies [13, 14] and formation of precipitates

[15–17]. The latter effect is very important in age-

hardenable materials, such Al-Zn-Mg alloys (7xxx

series), where the precipitate structure developed

during SPD and subsequent annealing may differ

from that formed in coarse-grained counterparts

during conventional aging heat treatments. It should

emphasized that due to their technological and

practical importance, many features of AlZnMg

alloys have been studied in details [5, 6, 18–24].

In a recent publication, we investigated the

microstructure development and mechanical prop-

erties of an ECAP-processed UFG Al-4.8%Zn-

1.2%Mg-0.14%Zr (wt %) alloy aged at 120 and 170 �C
up to the aging time of 2 h [25]. The evolution of

hardness versus the time of heat treatment can be

seen in Fig. 1a. Although the hardness for the sample

processed by ECAP at room temperature (RT) was

very high (* 1470 MPa), after subsequent aging at

both 120 and 170 �C for 2 h the hardness decreased

below the value characteristic to the conventional T6

heat treatment (* 1280 MPa). It was found that the

hardness decrease was mainly caused by the change

of precipitates during annealing. Namely, g-MgZn2
precipitates formed from the GP zones and an addi-

tional particle coarsening also occurred. A large

amount of MgZn2 precipitates were found in the

grain boundaries after ECAP and the fraction and

size of these particles increased at the expense of the

precipitates in the grain interiors. Thus, finally the

initially ECAP-processed sample became softer than

the coarse-grained counterpart subjected to the con-

ventional T6 aging. The other very popular technique

of SPD, the HPT process was also applied on this

alloy, and the corresponding hardness evolution

versus the artificial aging time can be seen in Fig. 1b.

Although the hardness of the HPT-processed sample

(* 1970 MPa) was much higher than that for the

ECAP specimen, the same aging treatment caused

similar or slightly lower softening in percentage

(20–30%) as for the ECAP-processed sample. At the

same time, it is evident from Fig. 1 that the hardness

of the HPT-processed specimen remained higher

even after aging for 2 h than the value characteristic

for T6 conventional aging treatment. We aimed at

investigating this difference by studying the effect of

aging on the microstructure of the HPT-processed

alloy.

In this paper, the mentioned UFG Al-4.8%Zn-

1.2%Mg-0.14%Zr (wt%) alloy processed by HPT at

room temperature is aged artificially at 120 and

170 �C for 2 h. Then, the change of the microstructure

and the phase composition due to the heat treatments

are studied by X-ray diffraction (XRD) and trans-

mission electron microscopy (TEM). In addition, the

hardness evolution during aging is investigated, and

correlated to the changes in the dislocation density

and the precipitates. The thermal stability of the HPT-

processed disk is compared with the results obtained

recently on an ECAP-processed alloy with the same

composition [25]. It is noted that the temperature and

time of aging in this study were selected to agree

with the conditions often applied for the homoge-

nization of the undeformed counterparts of Al-

4.8%Zn-1.2%Mg-0.14%Zr alloy [4, 25]. Therefore, the

present results may be interesting not only for basic

research but also in practical applications.

Materials and methods

Processing of the samples

The alloy with the composition of Al-4.8%Zn-

1.2%Mg-0.14%Zr (wt %) was processed by casting.

The composition of the as-cast sample was deter-

mined by using the conventional optical emission

spectroscopy (OES) analytical method. The as-cast

material was homogenized in air at 470 �C for 8 h,

and then hot extruded at 380 �C. Then, disks with a

diameter of 20 mm and a thickness of 1.4 mm were

cut from the extruded rods for processing by HPT.

Before HPT processing, the alloy was homogenized

16792 J Mater Sci (2020) 55:16791–16805



and recrystallized at 470 �C for 1 h and then water-

quenched to RT. The microstructure of the homoge-

nized sample has been shown and discussed in a

previous paper [25]. Considering literature experi-

ences [26–29], the disks were subjected to N = 10

turns of HPT at RT under a pressure of 6 GPa and at a

rotation speed of 1 rpm. The thickness (h) of the disk

after HPT process was * 1.3 mm. The equivalent

strain, eeq imposed by HPT at the radial distance r

from the disk center, can be given by the well-

established formula [30]:

eeq ¼
2pNr

h
ffiffiffi

3
p : ð1Þ

It should be noted that according to Eq. (1), the

equivalent strain has a radial dependence. Earlier

experimental data [26–29] have shown that this radial

dependence leads to inhomogeneity in both

microstructure and hardness at low numbers of HPT

turns, typically for N\5. For higher numbers of

N performed at high pressures the microstructure

and the hardness for polycrystalline metal samples

become reasonably homogeneous along the disk

radius. Therefore, we chose 10 turns in order to get a

high degree of homogeneity which was checked by

hardness measurements at least along two diameters

for each HPT-processed disk. Five disks were pro-

cessed by HPT. Then, these samples were used for

annealing and the characterization of the

microstructure and hardness.

The disks processed by HPT were stored at RT for

a long period (about 3 months) and then artificially

aged at 120 �C or 170 �C for 2 h in an oil bath. Con-

sidering the fact that in the case of conventional

supersaturated AlZnMg alloys stored at room tem-

perature, the formation of Guinier–Preston (GP)

zones occurs in the first month following quenching;

therefore for longer times the microstructure (and

thus the hardness) can be regarded as quasi-stable. In

the present case, the sample transportation between

the research groups and the surface preparation for

the different investigations required a time period of

about 3 months after HPT processing. The effect of

aging on the microstructure and hardness was stud-

ied at the half-radius of the HPT-processed disk

where the equivalent strain was * 150.

Microstructure characterization techniques

The phase composition and the microstructure of the

HPT-processed and the aged specimens were studied

by X-ray diffraction (XRD). The diffraction patterns

were taken by a rotating anode diffractometer (type:

MultiMax-9, manufacturer: Rigaku, Japan) using

CuKa1 radiation (wavelength: k = 0.15,406 nm). The

diffraction domain size and the dislocation density in

the Al matrix were determined by X-ray line profile

analysis (XLPA) of the diffraction patterns. This

analysis was performed by the Convolutional Multi-

ple Whole Profile (CMWP) fitting method [31]. In this

procedure, the experimental diffraction pattern is

fitted by the sum of a background spline and the

theoretical peak profiles calculated for each reflection.

These theoretical peaks were obtained as the convo-

lution of the measured instrumental reflection and

the line profiles related to the diffraction domain size

and the dislocations. The instrumental pattern was

measured on a LaB6 line profile standard material.

The area-weighted mean diffraction domain size

Figure 1 Hardness as a function of aging time at 120 and 170 �C for the samples processed by 4 passes of ECAP (a) and 10 turns of HPT

(b). The blue ellipses indicate the studied states (aging for 2 h).
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(\ x[area) and the average dislocation density (q)
were determined from the line profile fitting. The

area-weighted mean diffraction domain size was

calculated as\ x[area = m�exp (2.5 r2), where m is

the median and r2 is the log-normal variance of the

diffraction domain size distribution.

The size and morphology of the matrix grains and

the precipitates at the half-radius of the HPT-pro-

cessed sample (* 5 mm from the disk center) were

characterized by transmission electron microscopy

(TEM). Thin TEM foils were prepared by mechanical

polishing in the first step and then thinned to perfo-

ration at - 20 �C using a twin-jet electropolishing

unit with a chemical solution containing 33% HNO3

and 67% CH3OH. The TEM images characterize the

microstructure in the plane of the HPT disk.

A Titan Themis G2 200 scanning transmission

electron microscope (STEM) was used for TEM and

energy-disperse X-ray spectroscopy (EDS) investiga-

tions. The microscope was equipped with a four-

segment Super-X EDS detector. A corrector for the

spherical aberration (Cs) was applied at the imaging

part, while no probe-correction was present. The

image resolution is 0.16 nm in STEM Z-contrast

imaging mode (recorded with a Fishione high-angle

annular dark-field (HAADF) detector). The EDS data

were recorded (together with the HAADF signal) in

spectrum-image mode, and elemental maps were

made for the constituents of the alloy in order to

study the size and morphology of the different pre-

cipitates. The grain size was determined by measur-

ing the diameters of the grains visible on the TEM

images. About fifty grains were evaluated for each

sample and the average of the grain size was calcu-

lated. The uncertainty of the grain size values was

about 10%.

Hardness testing

A Zwick Roell ZHl hardness tester was used for the

measurement of the Vickers microhardness of the

samples. The experiments were performed at RT

using an applied load of 500 g and a dwell time of

10 s. The average hardness values were calculated

from at least 10 individual measurements, with a

relative error lower than 3%. In the present work, the

hardness is given in the unit of MPa. The hardness in

MPa can be obtained by multiplying HV number

with the constant of 9.81.

Experimental results

XRD characterization of the phase
composition and the microstructure
of the HPT-processed and the aged alloys

Figure 2a shows the XRD diffraction pattern obtained

for the HPT-processed sample. The intensity is plot-

ted in logarithmic scale in order to reveal whether

small peaks of secondary phases exist or not. It can be

seen that only the diffraction peaks of the Al matrix

appeared in the pattern. Aging at 120 �C resulted in

the development of a hexagonal g-MgZn2 phase

(PDF card number: 34-0457) as revealed by the part of

the diffraction pattern shown in Fig. 2b. Peaks of g’
phase (PDF card number: 31-0024) were not observed

by XRD. The fraction of the g-MgZn2 was charac-

terized by the intensity ratio of this phase in the XRD

pattern. This quantity was determined as the ratio of

the sum of the areas under the g-MgZn2 peaks and

the sum of the areas under all peaks in the diffrac-

togram in the diffraction angle range 2h = 30–150�.
Table 1 shows the data determined by using X-ray

diffraction. It can be seen that the XRD intensity

percentage of g-MgZn2 phase was 5.0 ± 0.5% for the

sample aged at 120 �C which increased to 8.3 ± 0.5%

at 170 �C.
The average diffraction domain size and the dis-

location density were determined by XLPA. As an

example, Fig. 3 shows the CMWP fitting on the

diffraction pattern measured for the HPT sample. The

domain size and the dislocation density obtained for

the HPT-processed and the aged samples are also

listed in Table 1. In the HPT specimen, the diffraction

domain size was 54 ± 6 nm while the dislocation

density was (8.0 ± 0.9) 9 1014 m-2. After aging at

120 �C and 170 �C, the domain size increased to

73 ± 8 nm and 111 ± 12 nm, respectively. The dis-

location density decreased from

(8.0 ± 0.9) 9 1014 m-2 to (2.6 ± 0.3) 9 1014 m-2

when the HPT-processed sample was aged at 120 �C.
During aging at 170 �C, the dislocation density

decreased to a lower value of (0.4 ± 0.1) 9 1014 m-2.

TEM study of the microstructure

Figure 4 shows bright-field TEM images taken on the

sample processed by HPT and the specimens subse-

quently aged at 120 �C and 170 �C. The evaluation of

numerous bright- and dark-field TEM images
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yielded * 200 nm for the average grain size for the

HPT-processed alloy. It can also be seen that aging at

120 �C did not lead to significant grain coarsening

while at 170 �C the grain size increased to about

360 nm (see Table 2). It should be noted that the grain

size values determined by the present TEM study are

larger with a factor of 3-4 than the diffraction domain

sizes obtained by XLPA (compare Tables 1 and 2).

This difference has already been observed for other

SPD-processed samples and can be explained by the

hierarchical microstructure of the investigated mate-

rials [32]. Namely, X-ray diffraction is very sensitive

to small misorientations; therefore, the domain size

determined by XLPA reflects rather the size of sub-

grains which is certainly lower than the grain size

determined by TEM. Figure 4b shows dislocations

inside a grain of the HPT-processed sample. The

average spacing of dislocations is about 50 nm which

suggests that the dislocation density has an order of

magnitude 1014 m-2 in accordance with the results of

XLPA (see the previous section). However, the

changes of the dislocation density during aging were

not studied directly by TEM since this method

investigates only a very small volume compared to

XLPA. Therefore, the quantitative characterization of

the dislocation density by XLPA is more reliable than

by TEM.

The evolution of precipitates during aging was

studied using HAADF images and EDS maps taken

by the Titan Themis STEM. Figure 5a shows a

Figure 2 a XRD pattern for the HPT-processed sample in logarithmic intensity scale. b A part of the XRD patterns in linear intensity

scale measured on the HPT-processed sample and the specimens aged at 120 and 170 �C for 2 h.

Table 1 The XRD intensity percentage of g-MgZn2 precipitates as well as the diffraction domain size and the dislocation density of the

Al matrix as determined by XLPA for the HPT-processed sample and the subsequently aged specimens

Sample Intensity percentage of MgZn2
(%)

Diffraction domain size in the matrix

(nm)

Dislocation density in the matrix

(1014 m-2)

10 HPT at RT 0 54 ± 6 8.0 ± 0.9

10 HPT ? aged at

120 �C
5.0 ± 0.5 73 ± 8 2.6 ± 0.3

10 HPT ? aged at

170 �C
8.3 ± 0.5 111 ± 12 0.4 ± 0.1

4 ECAP at RT 0.9 ± 0.2 92 ± 10 4.8 ± 0.5

4 ECAP ? aged at

120 �C
0.9 ± 0.2 105 ± 11 5.0 ± 0.5

4 ECAP ? aged at

170 �C
6.8 ± 0.9 111 ± 12 3.3 ± 0.4

For comparison, the microstructural parameters obtained for an ECAP-processed sample aged under the same conditions are also listed

(the data were taken from Ref. [25])
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HAADF image that reveals only few precipitates in

the grain boundaries (indicated by bright contrast as

these precipitates must contain elements heavier than

Al, e.g., Zn and/or Zr). The HAADF image in Fig. 5b

shows that there are precipitates not only in the

boundaries but also in the grain interiors. The cor-

responding EDS elemental maps for the main con-

stituents (Al, Zn, Mg and Zr) are presented in Fig. 5c–

f. These maps reveal that there are Mg/Zn-rich and

Zr-rich precipitates in the HPT-processed sample

even if diffraction peaks of secondary phases did not

appear in the XRD patterns. This apparent contra-

diction can be explained by the very low concentra-

tion of Zr which suggests only a low amount of Zr-

rich precipitates. EDS element analysis revealed that

these Zr-rich precipitates are Al3Zr0.7Zn0.3 particles in

accordance with former studies (e.g., [33]). These

Al3Zr0.7Zn0.3 precipitates pin effectively the grain

boundaries, thereby resulting in a better thermal

stability of the UFG microstructure [34, 35]. There-

fore, the X-ray intensity scattered by these particles

was so weak that it cannot be detected in the XRD

pattern. Concerning the Mg/Zn-rich precipitates,

Figure 3 The measured XRD pattern (open circles) and the

diffractogram fitted by the CMWP method (solid line) for the

HPT-processed specimen. In order to a better visibility of the

fitting quality, the inset shows the magnified reflection 311. The

difference between the measured and fitted data can be seen at the

bottom of the inset.

Figure 4 TEM images

showing the microstructure for

the HPT-processed sample (a,

b) and the specimens

subsequently annealed at 120

(c) and 170 �C (d). In

figure (b), some dislocations

are visible inside a grain as

indicated by black arrows. The

TEM images characterize the

microstructure in the plane of

the HPT disk.
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although they have a relatively large amount inside

the grains as indicated by HAADF and EDS images,

their diffraction peaks also cannot be detected in the

XRD pattern of the HPT sample. This observation

suggests that the very small Mg/Zn-rich precipitates

(typical size: 2 nm) are Guinier–Preston (GP) zones

which are enriched with Mg and Zn [19, 20]. These

GP zones are formed during HPT-processing and

Table 2 The average grain size in the Al matrix determined from TEM images and the average particle size of the Mg/Zn-rich and Zr-rich

precipitates as obtained from the HAADF images and the EDS maps

Sample Grain size in the Al matrix

(nm)

Particle size, Mg/Zn-rich

(nm)

Particle size, Zr-rich

(nm)

Diffraction domain size,

MgZn2 (nm)

10 HPT at RT 200 10 (2–20) 15 (10–20) –

10 HPT ? 120 �C 200 25 (4–60) 20 (10–30) 25

10 HPT ? 170 �C 360 40 (5–70) 25 (15–30) 45

4 ECAP at RT 260 15 (2–20) 10–15 20

4 ECAP ? aged at

120 �C
310 30 (3–60) Not found 30

4 ECAP ? aged at

170 �C
530 50 (5–100) Not found 40

The range of particle sizes for the precipitates is shown in the parentheses. The average diffraction domain size values for the MgZn2 phase

calculated from the XRD peak width are also listed. For comparison, the microstructural parameters obtained for an ECAP-processed

sample aged under the same conditions are also listed (the data were taken from Ref. [25])

Figure 5 (a, b) HAADF STEM images illustrating the microstructure of the HPT-processed sample. (c–f) EDS elemental maps for Al,

Zn, Mg and Zr obtained on the area shown in (b). The TEM images characterize the microstructure in the plane of the HPT disk.
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after storage of the samples at RT. From the evalua-

tion of many HAADF images and EDS maps, the size

of Mg/Zn-rich precipitates in the grain interiors

ranged between 2 and 10 nm while in the grain

boundaries their size varied between 10 and 20 nm.

The average size of Mg/Zn-rich precipitates in the

whole sample was * 10 nm (see Table 2). The

diameter of the Zr-rich particles can be found in the

range of 10–20 nm with an average value of 15 nm.

The HAADF images in Fig. 6a and b show the

precipitates in the HPT sample aged at 120 �C. The
EDS maps corresponding to Fig. 6b are presented in

Fig. 6c–f. In the grain interiors, the size of Mg/Zn-

rich particles varied between 4 and 15 nm while in

the grain boundaries their size was within the range

of 20–60 nm. It can be concluded for both the Mg/Zn-

rich and the Zr-rich precipitates that their average

sizes increased to 25 and 20 nm, respectively, during

aging at 120 �C (see Table 2). The change of average

size of Zr-rich particles has recently been observed

also in the alloy Al-0.4%Zr in the process of HPT. As

was revealed in [36], such change was due to their

dissolution during processing. For this aged sample,

XRD peaks of the MgZn2 phase appeared on the

diffraction pattern, and the average domain size for

this phase was determined from the width of the

peak detected at the diffraction angle of about 40.4�
(see Fig. 2b). The obtained value (* 25 nm) is in

agreement with the average particle size obtained

from the HAADF and EDS images (see Table 2). This

result suggests that a significant amount of Mg/Zn-

rich particles has g-MgZn2 structure which is also

supported by the relatively high intensity percentage

of g-MgZn2 phase (* 5%, see Table 1). Thus, it can

be concluded that aging at 120 �C for 2 h resulted in a

transition from GP zones to g-MgZn2 precipitates.

Aging at 170 �C resulted in further coarsening of

the precipitates as shown in the HAADF images of

Figs. 7a and b. The EDS maps corresponding to

Fig. 7b are presented in Figs. 7c–f. It is revealed that

the average size of Mg/Zn-rich and Zr-rich particles

increased to * 40 and * 25 nm, respectively, as

shown in Table 2. Inside the grains, the size of pre-

cipitates is still lower (5–30 nm) than that in the grain

boundaries (30–70 nm). The average diffraction

domain size of the g-MgZn2 phase (* 45 nm) was

close to the average size of the Mg/Zn-rich particles

(* 40 nm) determined from HAADF and EDS, sug-

gesting that the majority of these precipitates has g-
MgZn2 structure, in accordance with the high

intensity percentage of this phase (* 8.3%) in the

diffraction pattern. It seems that the higher aging

temperature yielded a more pronounced evolution of

g-MgZn2 phase from the GP zones and an additional

precipitate coarsening.

Hardness of the HPT-processed
and the aged specimens

The microhardness of the HPT-processed sample was

1970 ± 60 MPa. The hardness value decreased to

1620 ± 50 MPa and 1310 ± 30 MPa after aging at

120 �C and 170 �C, respectively. The reduction of

hardness can be attributed to the decrease in the

dislocation density and/or the changes in the pre-

cipitate structure during annealing as discussed in

the next section.

Discussion

Correlation between the microstructure
and the hardness

The obtained results provide evidence that HPT leads

to significant microstructural changes in the alloy,

where the formation of ultrafine grains is accompa-

nied by the appearance of nanosized precipitates of

secondary phases—Mg/Zn-rich and Zn-rich parti-

cles. These microstructural features markedly differ

from those observed in conventional coarse-grained

counterpart [25]. Moreover, recent observations on

fine structure in HPT-processed Al alloys by means

of precise atom probe tomography [37] made it pos-

sible to establish the formation of considerable seg-

regations of Mg and Zn at grain boundaries, which

may also have an effect on the mechanical properties,

especially at high temperatures.

The decrease in the hardness due to aging can be

attributed at least partly to the reduction of the dis-

location density (see Table 1). The contribution of

dislocation strengthening to the hardness (HVdisl) can

be calculated from the Taylor equation as:

HVdisl ¼ 3aMTGbq1=2: ð2Þ

The factor of three standing in the beginning of the

right-hand side of this formula is used for taking the

ratio of the hardness and the yield strength into

account [38]. Moreover, in eq. (2) a describes the

dislocation strengthening (about 0.32 for Al [39]), G is
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the shear modulus (* 26 GPa for Al), b is the mag-

nitude of the Burgers vector (* 0.287 nm for Al), and

MT is the Taylor factor. Due to the lack of strong

texture, MT was taken as 3.06. The values of HVdisl

calculated from the Taylor equation for the HPT-

processed sample and the aged specimens are listed

in Table 3. Immediately after HPT, the hardness

caused by the dislocation was 620 ± 60 MPa which is

31% of the total hardness value. Due to the reduction

of the dislocation density during aging at 120 �C and

170 �C the value of HVdisl decreased to 350 ± 40 MPa

and 140 ± 20 MPa, respectively. These values repre-

sent 21% and 11% of the total hardness for 120 �C and

170 �C, respectively, i.e., the contribution of disloca-

tions to hardness decreased with increasing the aging

temperature.

As was established in numerous works

[1, 37, 40, 41] the contribution of grain boundaries to

the yield stress and ultimate tensile strength in the

UFG materials processed by SPD techniques is quite

considerable. According to the well-known Hall–

Petch relationship, the strengthening contribution of

the grain size can be written as:

HVGS ¼ KHd
�1=2; ð3Þ

where d is the grain size and KH is an appropriate

constant associated with the hardness measurements.

The value of KH (210 MPa lm1/2) was taken from

[42], in which the Hall–Petch equation was investi-

gated for a wide range of grain size in pure Al. The

contribution of the grain size to the hardness for the

HPT-processed and the aged specimens is shown in

Table 3. It can be seen that after HPT, the hardness,

HVGS caused by the Hall–Petch effect was * 470

MPa which is about 24% of the total hardness value.

During aging at 120 �C, the value of HVGS did not

change, as the grain size remained unchanged, but

for aging at 170 �C the value of HVGS decreased

to * 350 MPa, correspondingly to the grain-growth

at this temperature.

Figure 6 (a, b) HAADF STEM images illustrating the

microstructure of the specimen processed by HPT and then aged

at 120 �C for 2 h. (c–f) EDS elemental maps for Al, Zn, Mg and

Zr obtained on the area shown in (b). The TEM images

characterize the microstructure in the plane of the HPT disk.
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The evolution of precipitates has also an impact on

the change of the hardness during aging. Although

the total concentration of alloying elements did not

change during aging, they can appear in different

forms in the matrix such as solute atoms, GP zones

and g-MgZn2 precipitates. It is well known that the

strengthening effects of these various structures may

be significantly different [19–21]. For instance, the

increase in the size of GP zones at constant volume

fraction yields hardening since they can be cut by

dislocations, while the coarsening of g precipitates

under similar conditions causes softening as they

Figure 7 (a, b) HAADF STEM image illustrating the

microstructure of the specimen processed by HPT and then aged

at 170 �C for 2 h. (c–f) EDS elemental maps for Al, Zn, Mg and

Zr obtained on the area shown in (b). The TEM images

characterize the microstructure in the plane of the HPT disk.

Table 3 The total measured microhardness (HVtotal), and the calculated contributions of the lattice friction (HV0), dislocations (HVdisl),

grain size (HVGS) and precipitates (HVprecip)

Sample HVtotal (MPa) HV0 (MPa) HVdisl (MPa) HVGS (MPa) HVprecip (MPa)

10 HPT at RT 1970 ± 60 60 ± 10 620 ± 60 * 470 820 ± 130

10 HPT ? aged at 120 �C 1620 ± 50 60 ± 10 350 ± 40 * 470 740 ± 100

10 HPT ? aged at 170 �C 1310 ± 30 60 ± 10 140 ± 20 * 350 760 ± 60

4 ECAP at RT 1470 ± 40 60 ± 10 480 ± 60 * 410 520 ± 110

4 ECAP ? aged at 120 �C 1230 ± 40 60 ± 10 480 ± 60 * 380 310 ± 110

4 ECAP ? aged at 170 �C 1100 ± 30 60 ± 10 400 ± 50 * 290 350 ± 90

For the ECAP-processed and annealed samples, the hardness values were calculated from the microstructural parameters presented in Ref.

[25]
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cannot be cut by dislocations. In the present study,

the contribution of precipitates to hardness (HVprecip)

was calculated by subtracting the contributions of

dislocations (HVdisl), grain size (HVGS) and lattice

friction (HV0) from the total measured hardness

(HVtotal):

HVprecip ¼ HVtotal � HV0 þHVdisl þHVGSð Þ: ð4Þ

Table 3 shows the values of HVprecip for the HPT-

processed and the aged specimens. After HPT, the

hardness contribution of precipitates was

820 ± 130 MPa which were 740 ± 100 MPa and

760 ± 60 MPa after aging at 120 �C and 170 �C,
respectively. These data suggest that the transfor-

mation of a part of GP zones to g-MgZn2 particles

during aging at 120 �C did not yield significant

reduction of hardness. This can be explained by the

very moderate coarsening of the precipitates in the

grain interiors at 120 �C (from 2–10 nm to 4–15 nm),

i.e., overaging did not occur even if a considerable

fraction of g phase was formed from the GP zones. In

this regard, only the precipitates inside the grains act

as obstacles against dislocation glide, therefore only

their hardening effect should be considered here. The

aging at 170 �C resulted in also a practically

unchanged contribution of precipitates to the hard-

ness compared to the HPT-processed sample (see

Table 3). Although the particles inside the grains

were coarsened from 4–15 nm to 5–30 nm when the

aging temperature increased from 120 to 170 �C,
simultaneously the intensity percentage of g-MgZn2
phase increased from 5 to 8.3%. The latter effect

compensated partly the precipitate coarsening;

therefore, almost the same contribution of precipi-

tates to hardness was observed at 170 �C as com-

pared to 120 �C.

Comparison of aging effects in HPT-
and ECAP-processed samples

As it has been mentioned, in a recent publication [25]

we investigated the aging behavior of ECAP-pro-

cessed Al alloy with the same composition. The

ECAP was performed through 4 passes using route

BC, and the aging was carried out at the same tem-

perature as for the HPT specimen (120 and 170 �C).
The dislocation density in the ECAP-processed sam-

ple was lower (* 4.8 9 1014 m-2) than the value

observed for the HPT disk (* 8 9 1014 m-2). This

difference can be explained by the higher plastic

strain and pressure used in HPT processing. The high

hydrostatic pressure hinders diffusion [43–45] which

is the basic mechanism of dynamic recovery; there-

fore, the dislocation density was higher for HPT

compared to ECAP. At the same time, during aging

the decrease in the dislocation density was more

pronounced for the HPT sample since the larger ini-

tial dislocation density yields a higher driving force

of recovery during annealing and the diffusion is also

faster at ambient pressure due to the higher amount

of dislocations and grain boundaries compared to the

ECAP specimen. Thus, in the latter sample the dis-

location density decreased from * 4.8 9 1014 m-2

only to * 3.3 9 1014 m-2 at 170 �C while the aging

for the HPT disk yielded a much larger reduction in

the dislocation density from * 8 9 1014 m-2 only

to * 0.4 9 1014 m-2.

In the as-processed state, the ECAP sample con-

tained g-MgZn2 phase besides GP zones while there

were only GP zones in the HPT-processed specimen,

i.e., the evolution of precipitates was faster during

ECAP-processing. The formation of stable g-MgZn2
precipitates in a supersaturated Al solid solution

requires diffusion. The atomic migration is faster

along the grain boundaries than in the grain interiors;

therefore, the particles of the g-MgZn2 phase formed

mainly in the grain boundaries of the ECAP-pro-

cessed sample. On the other hand, the high pressure

applied in HPT processing hindered the diffusion in

both the grain interiors and the grain boundaries,

therefore fewer g-MgZn2 precipitates developed in

the grain boundaries of the HPT sample, and only GP

zones were observed after HPT. When the HPT-

processed sample was annealed at 120 �C and 170 �C,
the high amount of grain boundaries and dislocations

yielded a higher diffusion rate, resulting in a fast

development of g-MgZn2 precipitates. Indeed, the

intensity percentage of g phase for the HPT sample

was much higher than that for the ECAP specimen at

both temperatures: for the ECAP samples 0.9% and

6.8% were detected at 120 �C and 170 �C, respec-

tively, while these values for the HPT disk were 5.0%

and 8.3%. It should be noted that SPD can produce an

enormous amount of vacancies in the Al matrix as

shown in former studies [46–50], which dramatically

influences the diffusion, and subsequently may

enhance the precipitation process. For HPT, although

the applied high pressure impeded the vacancy

migration during processing, however when the
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pressure was released and the samples were

annealed, the mobilized vacancies may contribute to

the development of precipitates.

Considering the dislocation densities and grain

sizes obtained previously for ECAP-processed sam-

ples [25], the contributions of different factors to

hardness are recalculated by using Eqs. (2–4), and

also listed in Table 3. It can be seen that the hardness

of the HPT-processed disk was much higher

(* 1970 MPa) than that for the ECAP specimen

(* 1470 MPa). This difference can be explained by

the higher dislocation density, smaller grain size and

the less developed precipitates in the HPT disk.

Namely, in the ECAP sample many large precipitates

(most probably g particles) can be found in the grain

boundaries which developed due to the accelerated

diffusion along the grain boundaries during ECAP.

However, these particles do not contribute to hard-

ening as they do not act as obstacles against the dis-

location glide in the grain interiors. As an example,

the HAADF image in Fig. 8a shows many particles in

the grain boundaries of the ECAP-processed speci-

men. At the same time, in the HPT specimen only a

very few particles can be found at the grain bound-

aries and the majority of precipitates are hard GP

zones (see Fig. 5a). Therefore, the contribution of

precipitates to the hardness (HVprecip) is much higher

for the HPT sample (* 820 MPa) than that for the

ECAP specimen (* 520 MPa). This difference

remained valid even after aging. Figure 8b and c

shows HAADF images for the ECAP sample aged at

120 �C and 170 �C, respectively. Numerous coarse

precipitates can be seen in the grain boundaries

which do not contribute to hardening. Therefore, the

hardness caused by the precipitates was much higher

for the aged HPT samples than that for the ECAP-

processed and aged counterparts. Due to this effect,

the total measured hardness values of the aged HPT

specimens were higher than that for the aged ECAP

samples even if the dislocation density was lower for

the HPT disk at both 120 �C and 170 �C.
Table 3 reveals that for the HPT sample the hard-

ness decreased by 350 MPa and 660 MPa after aging

at 120 �C and 170 �C, respectively. For both temper-

atures, about the majority (* 75%) of this hardness

reduction was caused by the annihilation of disloca-

tions and only 25% can be attributed to the change of

grain size and precipitates (transformation from GP

zones to g phase and coarsening). At the same time,

for the ECAP specimen the decrease in the hardness

during aging at 120 �C and 170 �C was only 240 MPa

and 370 MPa, respectively, due to the lower driving

force for recovery, and the majority (higher than 80%)

of the hardness decrease was caused by the change of

grain size and the precipitate structure. In the latter

case, the coarse g precipitates formed in the grain

boundaries during ECAP were grown during aging

at the expense of the GP zones in the vicinity of

boundaries which caused a pronounced softening. In

the HPT sample, less precipitates were not formed in

the grain boundaries, and the softening was caused

mainly by the dislocation annihilation during aging

due to the high driving force of recovery.

Conclusions

The evolution of the microstructure and the hardness

for a HPT-processed Al-Zn-Mg-Zr alloy was studied

during artificial aging at 120 and 170 �C. The fol-

lowing conclusions were drawn from the experi-

mental results:

1. An UFG microstructure with the grain size

of * 200 nm and dislocation density

of * 8.0 9 1014 m-2 was formed during HPT.

The majority of precipitates were GP zones with

the size of 2 nm which were located in the grain

interiors. The average size of the Mg/Zn-rich and

Zr-rich precipitates was 10 and 15 nm, respec-

tively. Peaks of g-MgZn2 phase were not

observed by XRD due to its very small fraction.

It was found that the majority of the hardness

was caused by the precipitates.

2. Aging at 120 and 170 �C resulted in a significant

decrease in the dislocation density

to * 2.6 9 1014 m-2 and * 0.4 9 1014 m-2,

respectively, due to the high driving force of

recovery. In addition, a large amount of g-MgZn2
particles was formed from the GP zones. The

intensity percentage values of g-MgZn2 phase

were 5 and 8.3% at 120 and 170 �C, respectively.
Moreover, coarsening of both Mg/Zn-rich and

Zr-rich precipitates to 20–25 nm was also

observed. These changes resulted in softening

which was mainly caused by the decrease in the

dislocation density.

3. The hardness of the HPT-processed sample

(* 1970 MPa) was much higher than that for
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the same alloy deformed by 4 passes of ECAP

(* 1470 MPa). This difference can be explained

by the effect of the high pressure applied during

HPT which hindered the diffusion necessary for

the annihilation of dislocations and the formation

of g-MgZn2 precipitates from the GP zones. Thus,

less large g-MgZn2 particles were formed in the

grain boundaries and more precipitates were

found in the grain interiors in the HPT-processed

sample which act as obstacles against dislocation

motion. This difference between the ECAP and

HPT specimens remained valid even after aging

at 120 and 170 �C, resulting in a higher hardness

for the HPT-processed sample even after

annealing.

Acknowledgements

This research was supported by the Hungarian-Rus-

sian bilateral Research program (TÉT) No. 2017-2.3.4-
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