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ABSTRACT

Low temperature tensile and impression creep tests were carried out on an

ultrafine-grained 7xxx series Al–4.8Zn–1.2 Mg–0.14Zr (wt%) alloy, which can be

deformed for maximum elongation of about 200% at 150 �C. The characteristics

of the deformation process, such as the strain rate sensitivity (SRS) and activa-

tion energy (Q) were determined by considering also the effect of threshold

stress. Relatively high SRS of � 0.35 and low activation energy of � 92 kJ/mole

were obtained, confirming the super ductility of the investigated ultrafine-

grained alloy in the low temperature region between 140 and 160 �C.

Handling Editor: P. Nash.

Address correspondence to E-mail: chinh@metal.elte.hu

https://doi.org/10.1007/s10853-021-06527-4

J Mater Sci (2021) 56:19244–19252

Metals & corrosion

https://orcid.org/0000-0002-2304-380X
https://orcid.org/0000-0001-5187-9893
https://orcid.org/0000-0002-8112-5694
https://orcid.org/0000-0001-9950-0336
https://orcid.org/0000-0003-4340-4067
http://orcid.org/0000-0002-6610-7308
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-021-06527-4&amp;domain=pdf


GRAPHICAL ABSTRACT

Introduction

Age-hardenable materials, such as Al–Zn–Mg alloys

(7xxx series) are widely investigated due to their

technological and practical importance, as these

alloys are ductile at high temperatures and having

high strength at low temperatures. In general, the

conventional coarse-grained AlZnMg alloys have

very poor ductility at low temperatures, under 0.5Tm,

where Tm is the melting point. In the case of Al alloys,

the value of 0.5Tm is about 473 K or 200 �C. In the last

two decades, by applying severe plastic deformation

(SPD), such as equal-channel angular pressing

(ECAP) [1–6] and high-pressure torsion (HPT) [7–11]

techniques, several conventional Al–Zn and Al–Zn–

Mg alloys have been ultrafine-grained (UFG) so that

the average grain size was decreased significantly,

typically down to the ultrafine region between 100

and 500 nm. The UFG structure then, in general,

enhances both the strength of the materials by the

well-known Hall–Petch effect [12, 13] and the role of

the grain boundary sliding even at room temperature

[6, 10, 14, 15]. As a consequence, for instance, the
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ductility and the corresponding strain rate sensitivity

of some UFG Al–Zn alloys at room temperatures

were significantly improved, showing the super

ductility of higher than 150% and unusually high SRS

above 0.25 [10, 15].

In general, the conventional method of the inves-

tigation of ductility is the tensile test, which requires

many specimens and relatively expensive equipment.

It is well-established that in order to study the plastic

behavior of the samples, the investigation can be

focused on the strain rate sensitivity because this

parameter correlates unambiguously to the ductility

[16–18]. Furthermore, the characteristics of plastic

deformation, particularly for superplastic materials,

can be determined by other alternative methods, for

example, by impression creep test [19–31], which

method was first suggested and developed by Chu

and Li [19]. For this test, a small amount of testing

material can be used, and the machining of the

samples is simple.

In this work, the deformation characteristics, such

as SRS and activation energy of an ECAP-processed,

ultrafine-grained Al–Zn–Mg–Zr alloy are studied by

using tensile and impression creep tests, in a low

temperature region under 170 �C, where the UFG

structure remains thermally stable. In order to obtain

realistic values for these characteristics, the experi-

mental data were analyzed in terms of an effective

stress, reff , which is the difference between the

applied stress, r and a threshold stress, r0. This

concept has been already successfully applied for

describing the deformation process of several super-

plastic materials [22, 32, 33].

Materials and methods

Sample-processing

An alloy with the composition of Al–4.8%Zn–

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

The as-cast material was homogenized in air at

470 �C for 8 h, and then hot extruded to a sheet of

10 9 50 mm2 cross section at 380 �C. Cylindrical bil-
lets with 10 mm in diameter and 70 mm in length

were fabricated from the extruded sheet, then sub-

jected to solution heat-treatment at 470 �C for 30 min

and water-quenched to receive a supersaturated solid

solution. The billets then have been processed by the

ECAP technique at room temperature (RT), in four

passes, following route (BC). It is noted that in order

to avoid break due to the strengthening effect of

Guinier–Preston (GP) zones [3], the samples were

started to be processed by ECAP within 15 min fol-

lowing the quenching. More details about the sample

can be found in the previous work [4].

Figure 1 shows the microstructure of the investi-

gated ECAP-processed sample. The transmission

electron microscopy (TEM) image of Fig. 1a demon-

strates the ultrafine-grained (UFG) structure of the

sample. It has been shown in the previous work that

the average grain size of this UFG structure is about

260 ± 30 nm. Furthermore, there are smaller precip-

itates having a size of * 2 nm and larger particles

with the diameter of about 10–20 nm inside the

grains, as shown in Fig. 1b. The corresponding

energy-disperse X-ray spectroscopy (EDS) elemental

maps for Al, Zn, Mg, and Zr can be seen in Fig. 1c–f,

respectively. The larger particles are Al3Zr and g–
phase MgZn2, and the smaller ones are Guinier–

Preston (GP) zones [4]. It has also been shown in the

previous work [4] that the microstructure of this

sample remains ultrafine-grained in the low temper-

ature region between 120 and 170 �C, where the

average grain size may grow up to about 500 nm and

more MgZn2 precipitates can form along grain

boundaries.

Tensile test

The mechanical tests of the alloy samples with a

gauge part of 2.0 9 1.0 9 0.8 mm were conducted at

150 �C (0.45 9 Tm) in the range of strain rate, _e of

10�4 � 5� 10�3s�1.

Impression creep test

For impression creep measurements, small disks

having a thickness between 3 and 4 mm were cut

from the billets. It is well-established that during an

impression creep test a cylindrical flat-ended punch

under constant load is pressed continuously into the

surface of the sample. According to experimental

evidence, the penetration velocity of the punch

becomes constant (steady) after an initial transient.

The impression creep process is then characterized

by steady penetration of the punch [19, 27, 28]. In the

present work, the impression creep measurements

were performed on a device developed at the

Department of Materials Physics, Eötvös Loránd
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University, Budapest. The impression was processed

with a cylindrical punch having a diameter of d ¼
0:5 mm under different loads. The applied stress can

be changed anytime during the measurement by

changing the load. The furnace used for the test is

precisely controlled by a computer, so the set tem-

perature can be kept within �1 �C (1 K) in the range

between 100 and 200 �C, under 0.5Tm. For measuring

the displacement, a linear variable differential trans-

former (LVDT) is used with the resolution of 0:01 lm.

The impression velocity við Þ and the applied force Fð Þ
were converted into equivalent tensile stress rð Þ and
strain rate _eð Þ using the following formulas:

r ¼ k1
4F

pd2
and _e ¼ k2

vi
d

ð1Þ

where k1 ¼ 0:287(often taken simply as 1/3) and k2 ¼
1 are constant characteristics to the materials [20]. In

the present work, the applied stress was in the range

between 26 and 240 MPa, and the corresponding

strain rate extended in the range from 2� 10�6 to

5� 10�3s�1.

Experimental results

Super ductility and low apparent strain rate
sensitivity at low temperature

Figure 2a shows stress–strain curves of the samples

deformed at different strain rates at 150 �C. It can be

seen that the super ductility of almost 200% was

observed at strain rate, _e of 10�4s�1. This observation

suggests a strain rate sensitivity higher than 0.3–0.35

should be characterizing the deformation of this UFG

sample under the given conditions. As it has been

mentioned, there is an unambiguous relationship

between the ductility and the strain rate sensitivity

(SRS) of the materials [16–18], and the total elonga-

tion of 100–200% can be expected at strain rate sen-

sitivity higher than 0.3. In order to estimate the strain

rate sensitivity, the double logarithm plot of stress

and strain rate (ln r� ln _e) data obtained at constant

strain having an elongation of 50% are given in

Fig. 2b, where both local values for two close strain

rates and the average value for the whole strain rate

Figure 1 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

precipitates, 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 image b indicate Mg/Zn- and Zr-rich large precipitates.

Reproduced from Ref. [4]. Copyright 2019, Springer.
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range, according to the m ¼ o ln r
o ln _e

� �
e definition, can be

seen.

Experimental results show that in spite of relatively

high elongation, the strain rate sensitivity seems to be

low, of only about 0.2. Especially, the local value at

lowest strain rate – and then at the lowest stress – is

only 0.17. In order to clarify the contradictory situa-

tion, more details were analyzed by using impression

creep measurements.

Threshold stress of deformation process

Impression creep tests were performed at 140, 150

and 160 �C. The experimental results show that the

impression velocity, vi – when the creep takes place—

is strongly temperature- and load-dependent, indi-

cating that the deformation process is thermally

activated, and the flow rate is strongly stress-depen-

dent. However, at each testing temperature it seems

that the creep process only starts above a certain

stress (load), as shown, for example, in Fig. 3, where

the impression depth, h is plotted as the function of

time, t for two different stresses at the testing tem-

perature of 150 �C. It can be seen that the impression

process took place at r ¼ 67MPa, with a small, steady

velocity, vi of about 9� 10�4lm=s, resulting in a

strain rate, _e of about 2� 10�6s�1. However, the creep

process could not start at all at lower r ¼ 26MPa. This

experimental experience is referring to the existence

of a threshold stress, r0 at a given testing

temperature.

Analyzing the experimental data including
a threshold stress

Considering the general experience mentioned

above, the creep process at a given temperature, T is

described in terms of effective stress, reff ¼ r� r0
instead of the applied stress, r by the following rate

equations:

_e ¼ Ar1=meff exp �Q=RTð Þ; or

_e ¼ A r� r0ð Þ1=mexp �Q=RTð Þ
ð2Þ

where A is a material constant, m is the strain rate

sensitivity parameter (the term 1/m is often called as

stress exponent), Q is the activation energy of the

creep process, R is the universal gas constant and the

testing temperature, T is given in Kelvin. It should be

noted that the concept is to use Eq. (2) was success-

fully applied for the description of the creep process

of several materials [22, 32, 33].

Figure 2 Characteristics of low temperature super ductility in the

UFG Al–Zn–Mg–Zr alloy: a Stress–strain (r–e) curves, showing a

total elongation of about 200% and b Logarithm of the stress (lnr)
obtained at an elongation of 50% versus the logarithm of the strain

rate (ln _e) for estimating the local and average apparent strain rate

sensitivity (m parameter).

Figure 3 Impression depth-time (h–t) taken at different stresses,

referring to the existence of a threshold stress, r0.
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In order to determine, strain rate sensitivity, m and

the activation energy, Q– the main characteristics of

the deformation process – let us rewrite Eq. (2) as

_em ¼ Am r� r0ð Þ exp �mQ=RTð Þ; or

r ¼ r0 þ
1

Am
exp

mQ

RT

� �
_em

ð3Þ

showing a linear function between r and _em quanti-

ties. In the absence of the threshold stress r0 ¼ 0ð Þ,
we would regain the often used direct proportional-

ity between r and _em r� _emð Þ, where the value of m

could be determined simply from the slope of the

double logarithmic ln r� ln _e relationship.
Considering also the existence of the threshold

stress, r0, the strain rate sensitivity can be determined

by choosing the value of m as a best-fit parameter for

linear fitting to the data in an _em � r plot at a given

testing temperature. Figure 4 shows such best fits at

different testing temperatures. The best-chosen val-

ues of mwere 0.33, 0.32, and 0.35 for the temperatures

of 140, 150 and 160 �C, giving the values of r0 as 57,

54 and 53 MPa, respectively. Considering also the

error of the measurements, a value of 0:33� 0:02 can

be regarded as the strain rate sensitivity of the

investigated sample. This relatively high strain rate

sensitivity parameter is confirming the super ductil-

ity of the investigated ultrafine-grained AlZnMgZr

material at the low testing temperatures under 0.5Tm.

It should be noted that when aging at the tempera-

ture range between 120 and 170 �C [4], more inter-

metallic g-MgZn2 precipitates are formed in the grain

boundaries due to the accelerated grain boundary

diffusion. Although further investigations are needed

to clarify the origin of the threshold stress, it can be

supposed that this origin is certainly connected to the

existence of the incoherent g-MgZn2 precipitates

during the deformation process taken by grain

boundary sliding in a UFG material.

Taking into account the threshold stress, the

ln reff � ln _e relationships for impression creep tests

taken at different testing temperatures are shown in

Fig. 5, where – for comparison – the experimental

data obtained for the tensile test (shown in Fig. 2b)

can also be seen, using the threshold stress of 54 MPa

for the testing temperature of 15 �C. In addition to the

clearly visible linearity of the lnreff � ln _e relation-

ships, giving a strain rate sensitivity of 0:33� 0:02, it

is also clear that the data obtained at 150 �C by the

two methods show a good agreement, confirming the

validity of the indentation procedure.

Considering Eq. (3), it can be seen that the slope, C�

of the linear line – shown in Fig. 4—fitted to the _em �
r data obtained at temperature T is depending on the

testing temperature as:

C� ¼ 1

Am
exp

mQ

RT

� �
;

from which we have:

lnC� ¼ �m lnAþmQ

RT
ð4Þ

According to Eq. (4), the value of activation energy,

Q can be determined from the slope of the linear line

fitted to the lnC� � 1
T data, as shown in Fig. 6. Here we

have to use the value of the universal gas constant,

R ¼ 8:31 J

mole�K
, and the value of strain rate sensitiv-

ity, m ¼ 0:33.

Figure 4 The _em � r functions with the best-chosen m-value for

linear connections at different testing temperatures.

Figure 5 The ln reff � ln _e relationships for impression creep

tests at different testing temperatures and for tensile test at 150 �C.
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Experimental results show that the activation

energy of the investigated UFG alloy is

Q ¼ 92� 7kJ=mole. This experimentally determined

value is much lower than the value for self-diffusion

in pure Al (142 kJ/mole [34]). In the lower tempera-

ture region under 0.5Tm, a significant effect of lattice

diffusion cannot be expected. This is also the reason

for the stability of the UFG microstructure. The

obtained activation energy is rather similar to the

value for grain boundary diffusion in pure Al

(84 kJ/mole [34]) and may suggest that the basic

mechanism of the low temperature deformation

process in this UFG material is also grain boundary

sliding, similarly to that of high temperature super-

plasticity. However, the experimentally obtained

strain rate sensitivity of 0.33 (or its reciprocal, the so-

called stress exponent having a value of 3) suggests a

possible control by a viscous glide process [35]. Fur-

ther investigations are needed to look in more detail

at direct evidence for viscous glide and/or grain

boundary sliding, clarifying the effect of the ther-

mally activated process in this complex composition

UFG AlZnMgZr alloy, processed by ECAP. It should

also be mentioned that the same composition UFG

alloy processed by HPT [9] can be deformed super-

plastically at 150 �C, for a maximum elongation of

400%, which is twice that of the present ECAP-pro-

cessed sample. Understanding this significant dif-

ference will also be the aim of the mentioned further

studies.

Conclusions

Characteristics of low temperature plastic deforma-

tion of an ECAP-processed ultrafine-grained

AlZnMgZr alloy were studied by tensile and

impression creep tests in the low temperature region

between 140 and 160 �C. The main results can be

summarized as follows:

(1) It was demonstrated that this UFG alloy shows

super ductility at low temperatures, as it can be

deformed for maximum elongation of * 200%

at 150 �C.
(2) It has been shown that threshold stress should

be considered in the description of the defor-

mation process, which can be characterized by

the strain rate sensitivity of � 0:33� 0:02 and

activation energy of � 92� 7kJ=mole.

(3) These experimentally determined parameters

confirm the potential for superplasticity of the

investigated UFG alloy at low temperatures,

below half of the absolute melting point (0.5Tm).

The obtained results are important not only in

the basic research but also in the economical

application of fine-grained materials.
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