Metals and Materials International (2022) 28:2513-2528
https://doi.org/10.1007/5s12540-021-01152-x

=

Check for
updates

Developing a High-Strength Al-Mg-Si Alloy with Improved Electrical
Conductivity by a Novel ECAP Route

Nannan Zhao' - Chunyan Ban'?

Received: 6 September 2021 / Accepted: 9 December 2021 / Published online: 22 April 2022
© The Korean Institute of Metals and Materials 2022

Abstract

This paper investigated the microstructure, tensile and electrical properties of an equal channel angular pressed 6063 Al alloy
at temperatures ranging from room temperature (RT) to 300 °‘C. Additionally, a two-step temperature schedule (TST) was
applied to improve the combined property of the low-alloyed AI-Mg-Si alloy. The results suggested that only processing at
RT and TST led to a reduction of the grain size and an increase of strength with increasing number of passes, whereas four-
pass processing at TST condition produced a better grain refinement and higher strength compared to the RT counterpart.
Detailed analysis reveals that apart from the grain refinement, high-density dislocations and formation of nanoscale precipi-
tates play the dominant roles in strengthening. These microstructural features provide the four-pass TST sample exceptional
increase in strength about 67 MPa compared to RT counterpart. Besides, precipitation of solutes in form of numerous
nanoscale precipitates can purify the Al matrix in the TST samples, resulting in the improved electrical conductivity as
compared to RT sample. The TST method as a new strategy can improve strength and electrical conductivity by controlling
the nanosized precipitates in an ultrafine-grained structure, which indeed provides an opportunity for low-alloyed Al-Mg—Si

alloys to obtain the better combination properties.
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1 Introduction

Severe plastic deformation (SPD) techniques, such as high-
pressure torsion (HPT) and equal channel angular pressing
(ECAP), are effective methods to refine grain sizes down to
sub-micrometer or even nanometer level [1]. As expected
from Hall-Petch relationship, the ultrafine-grained (UFG)
microstructure induced by SPD method results in a high
strength in a number of pure metals and alloys [2, 3], includ-
ing heat treatable aluminum alloys. These aluminum alloys
can attain superior strength by combination of SPD pro-
cessing and precipitation [4, 5], simultaneously incorporat-
ing grain boundary hardening, strain hardening as well as
additional precipitation hardening. In practice, these heat
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treatable Al alloys are difficult to process but can be easily
processed at elevated temperatures to avoid their premature
failure during SPD processes [4, 6]. This could make the
SPD processing to have a great commercial potential.

SPD processing temperatures and the level of strains, as
the important processing parameters, have effects on the
grain refinement and related mechanical properties of the
SPD-processed alloys. Generally, when the decomposition
of a solid solution is suppressed during SPD processing so
that the dilute solutes randomly distribute in the matrix,
increasing SPD processing temperature leads to an increase
in grain size and a decrease in stress [7, 8]. On the other
hands, in the case of decomposition of supersaturated solid
solutions during SPD processing, the processing tempera-
ture has a complex influence on the grain refinement and
mechanical properties due to precipitation and even segre-
gation on grain boundaries [5, 9, 10]. Moreover, SPD pro-
cessing leads to presence of a high density of dislocation,
extremely high concentration of vacancies and large volume
fraction of grain boundary. Dynamic interaction of these
SPD-induced crystallographic defects with solute atoms
can enhance the atoms mobility. Therefore, as processing
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at even low temperature like RT or 110 °C, the formation of
precipitates [11, 12], segregation on dislocation cores and
grain boundaries [9], and even modified morphology of pre-
cipitates [11] and precipitation sequence have been observed
in UFG materials. To date, for the age-hardenable aluminum
alloys, most previously published researches focused on
SPD processing at the isothermal temperature, such as RT
or conventional precipitation treatments temperatures (typi-
cal 100-200 C). Thus, the investigation about the effect of
SPD processing at a mixed temperature regime on both grain
refinement and distribution of the solutes in these alloys is
necessary to obtain excellent mechanical properties.

Al-Mg-Si alloys have been widely used in electrical
industry due to their high strength-to-weight ratio, good
mechanical and electrical properties, formability and cor-
rosion resistance as compared to other Al alloys. In the
Al-Mg-Si alloys, the alloying elements can improve the
strength through the solution hardening and precipitate
hardening. However, these alloying elements may lead to a
lower-level electrical conductivity by causing lattice distor-
tion and resulting electron scattering. Strength and electrical
conductivity are usually mutually exclusive in most metallic
conductive materials. As compared with alloying elements
distributed in a random solid solution, grain boundaries can
be the less effective in scattering electrons and consequently
produce the less negative effect on electrical conductivity
[13, 14]. The combine of SPD methods with post-deforma-
tion aging treatment have showed high potential to obtain
a combination of high strength and high electrical conduc-
tivity [8]. However, controlling the precipitation of solute
atoms in the resulting UFG structure to produce excellent
properties is a challenge because of the concurrent reduction
of deformation-induced defects density and grain growth
during ageing response, which may lead to a rapid decrease
in strength caused by grain growth rather than by a change in
the precipitates state [15, 16]. Most recently, it is found that
the nanoprecipitates could be the obstacles and sources of
dislocations to obtain the high strength and purify the matrix
to improves the electrical conductivity [17-19]. Therefore, it
should highlight the importance to tailor the nanostructure
in UFG Al-Mg-Si alloys through controlling processing
parameters in order to produce the age-hardenable alloys
with good combination properties.

In the present research, a commercial 6063 Al alloy was
processed by ECAP at the isothermal temperatures rang-
ing from RT to 300 °C. The influence of ECAP process-
ing temperatures on the grain refinement, precipitation and
properties in the alloy were investigated. To further increase
strength of the low-alloyed AlI-Mg-Si alloy and achieve a
reasonable electrical conductivity at the same time, a two-
step processing temperature schedule (TST) as a promising
strategy to design the nanoprecipitates in an UFG structure
was developed.
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2 Experimental Procedures

A commercial 6063 aluminum alloy, having a composi-
tion, in wt%, of 0.52 Mg, 0.49Si, 0.09Fe, 0.01 Ti and bal-
ance Al, was employed in this study. Rod like billets with
70 mm length and 15 mm diameter cut from the 6063 alloy
as-cast ingot for ECAP processing were solution-treated at
560 C for 1 h, followed by quenching in ice water (referred
to as as-annealed state in the rest of the paper). Subse-
quently, these species were pressed through the ECAP die
up to eight passes with Bc route by a rate about 70 mm/
min at room temperature (RT), 150 “C, 200 “C and 300 C,
respectively. In addition, the two-step temperature sched-
ule (TST) was carried out: species were processed by two
passes at 150 °C, and then followed by pressing at RT up
to a total of eight passes, thereafter referred to as TST
condition. The ECAP die was combined with two passages
crossed at the inner corner angle of 20° and outer corner
angle of 90° and the effective strain is about 1.05 once the
billet passes through the die one pass. To reduce friction
during pressing, the mixture of Molybdenum disulfide and
graphite powder were used as the lubricant. The die was
packaged with a heating jacket of resistance wires and can
be heated to the target temperature. The species were held
in the entrance channel for 6 min to attain the temperature
before warm ECAP. After each pass processing, species
were promptly quenched into water for further passes or
characterization. Following the ECAP process, samples
processed in RT and TST conditions were aged at 120 C
and 150 °C for up to 24 h to evaluate the aging hardening.

The characteristic microstructures of samples in as-cast
and as-annealed state were analyzed using field emission
scanning electron microscope (SEM, Zeiss ULTRA 55))
equipped with an energy dispersive X-ray spectroscopy
(EDS) attachment. The microstructural change after ECAP
processing were characterized using a polarized light
microscope (DP74, Olympus). Samples were extracted
from center parallel to extrusion direction (ED), and then
ground and polished following the standard produce. The
samples were etched by a solution of 5 g HFB acid and
200 ml H,O. Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) observations were
carried out on TECNAL G*20 and JEM-ARM200F micro-
scopes operating at 200 kV to investigate the microstruc-
tures of samples processed in different conditions. The
element mappings were performed using energy-disper-
sive X-ray spectroscopy (EDS) to examine the chemical
composition of precipitates. Samples for TEM study were
cut along extrusion direction, and ground to a thickness
of ~100 pm. TEM foils were prepared by twin-jet elec-
tropolishing with 30% nitric acid in methanol at — 30 C
and with an operating voltage of 25 V.
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To evaluate the change of mechanical property of inves-
tigated samples, hardness and tensile tests were conducted
at room temperature. Vickers hardness was measured on the
cross section by a loading of 100 g for 10 s, with each value
averaged from 10 readings at least. Tensile tests were carried
out at a constant crosshead speed of 0.7 mm/min on an
Instron 5969 machine. Yield stress (YS, 0.2% proof stress),
ultimate tensile strength (UTS) and total elongation were
measured from the engineering stress—strain curves of spe-
cific samples with a gauge dimension of 3 X2 X 12.5 mm and
the gauge length parallel to the pressing direction. Electrical
conductivity of the alloy at RT was measured on a Sig-
mascope SMP10 device. Conductivity measurements were
performed on the center of longitudinal section. Each sam-
ple’s surface was grounded by SiC sand-papers and the appa-
ratus calibration with reference samples was conducted at
RT prior to measurement. The unit of electrical conductivity
is %IACS (International Annealed Copper Standard). X-ray
diffraction (XRD) measurements of the ECAPed samples
were performed using a Smartlab 9KW diffractometer (Cu
K,). A standard Si was used to determine peak broadening
due to instrumental factor. The true peak breadth (B) can be
derived from subtracting the instrumental contribution from

the observed peak breadth [20], B = 4 /Bibs - B?

inst’®
the B, and B, are the observed peak broadening and the
instrumental broadening, respectively.

where

3 Experimental Results

3.1 Tensile Properties of the 6063 Al Alloy
Processed by ECAP

The strengths versus the number of passes for as-annealed
sample and samples processed at different temperatures
ranging from RT up to 300 °C are shown in Fig. 1. After
solution treatment, the as-annealed alloy exhibits the very
low strength (yield strength about 89 MPa and ultimate
strength about 187 MPa). At RT condition, increasing
the number of passes provided a gradual improvement of
strength. However, the samples processed at 200 ‘C and
300 °C exhibited a pronounced decrease in strength with
increasing in the number of passes. By contrast, for the
samples processed at 150 “C, the strength presents a differ-
ent trend: rise at first, reach the peak point at four passes,
and then decrease. After two passes, processing at RT and
200 °C led to a higher yield strength (about 240 MPa) than
that of processing at 300 ‘C (107 MPa), while it is lower
than that of processing at 150 ‘C (268 MPa). With further
increasing in the number of passes to eight, an increase of
processing temperature provided a significant decrease in
strength, excepted for the four-pass ECAP processing at
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Fig. 1 Strengths of the 6063 Al alloy processed by ECAP at different
temperatures

150 “C which led to a yield strength similar to the four-pass
ECAP processing at RT. The eight-pass sample processed
at RT obtained the highest yield strength of 346 MPa.
Obviously, the effect of the processing temperature on
strength is significant.

Regarding the TST condition, the representative engi-
neering tensile test stress—strain curves of samples pro-
cessed by ECAP processing in different conditions are
presented in Fig. 2. ECAP processing in TST condition
promptly increased strength in comparison with the coun-
terparts processed at homologous temperatures (from RT
to 300 °C). Significantly, the four-pass sample processed in
TST condition have a yield strength of 366 MPa, which is
67 MPa higher than that of counterpart processed at RT,
and even 20 MPa higher than that of eight-pass sample pro-
cessed in RT condition. After eight passes, processing at
TST condition enhanced the ultimate tensile strength up to
400 MPa, which is ~22 MPa higher than that of processing
at RT condition. Unlike ECAP processing at 150 °C, ECAP
processing at RT and at TST conditions led to the similar
trend of strength variation with increasing number of passes.
However, ECAP processing from two to four passes at TST
condition produced the increase of yield strength about
98 MPa, which is significantly higher than that for every
two passes at RT condition (about 55 MPa from two to four
passes, thereafter up to eight passes about 26 MPa for every
two passes). A summary of tensile properties and electrical
conductivity of samples processed at RT and TST condition
is given in Table 1. It is noted that for the processing at TST
condition there are pronounced increases in combination of
strength and electrical conductivity but almost no signifi-
cantly decrease in ductility as compared to processing at RT
condition.
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Fig.2 Engineering stress—strain curves of the 6063 Al alloy processed by ECAP after four passes a, and eight passes b in different ECAP pro-
cessing conditions

Table 1 Mechanical and electrical properties of the 6063 Al alloy
processed by ECAP under different conditions

Electrical Conductivity (% IACS)

State Mechanical properties Electrical
B conductivity p
YS (MPa) UTS (MPa) Elongation (%) (%IACS)
RT-4P 299 317 13.9 48.3
RT-8P 346 378 9.8 47.7
TST-4P 366 376 12 49.5
TST-8P 373 400 10.7 48.2
120 54
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The hardness and conductivity of samples subjected to
four-pass ECAP processing at RT and TST conditions and
post-ECAP aging treatment are shown in Fig. 3. For RT
four-pass ECAP sample, the hardness remained reasonably
constant in the aging time to 24 h at 120 °C, but it decreased
dramatically at 150 °C with increasing aging time and drop
to 91 Hyv after aging for 24 h. These annealing curves reveal
that the high hardness of four-pass sample processed at TST
condition cannot been reached for the sample processed by a

60

120 L (b) —=—ECAP at TST + AA150°C-Hardness
—=— ECAP at TST + AA150°C-Conductivity

- & -ECAP at RT + AA150°C-Hardness 1% 2
15 —e— ECAP at RT + AA150°C-Conductivity ¢
- 56 :‘
9 110 é
= &
f=% - 54 =
v 105 | &
9
E 52 -g
; 100 g
= Q
450 §
o5 & 2
2
90 - 148 =

85 1 1 1 1 1 1 1 1 1 1 1 1 1 46

0o 2 4 6 8§ 10 12 14 16 18 20 22 24 26
Time(hr)

Fig.3 Evolution of the micro-hardness and elctrical conductivity of the 6063 Al alloy processed by four-pass ECAP processing at RT and TST
conditions as a fuction of the post-ECAP annealing time for artifical aging trement at 120 °C a and at 150 C b
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combination of ECAP processing at RT condition and sub-
sequently aging treatment (at 120 “C and 150 °C). The post
deformation aging treatment leads to a general increase of
the electrical conductivity in RT samples and TST samples,
as observed for Al-Mg-Si alloys [8]. Although the electri-
cal conductivity of RT four-pass ECAP sample after post-
ECAP aging (as indicated by red arrows in Fig. 3) increase
into ~49.5%IACS, similar to that of TST four-pass ECAP
sample, the corresponding hardness (as indicated by black
arrows in Fig. 3) is 16 Hv lower than that in TST four-pass
ECAP sample. In addition, processing at TST condition
produced a better combination of strength and conductivity
during the whole duration of the aging treatment compared
to RT counterparts.

3.2 ECAP-Induced Microstructural Evolution

Figure 4 shows the characteristic microstructures of the
6063 Al alloy before ECAP processing. The as-received
alloy has a microstructure consisting with coarse equiaxed
grains with an average grain size about 177 um, which have
been enclosed by platelets-like Fe-rich intermetallic by EDS
analysis (Fig. 4c). As shown in Fig. 4b, some bar-like phases
existed in the interior of grains with the means width of
0.13 um and the length ranged from 0.3 to 1.8 pm. These
phases were identified as -Mg,Si by EDS analysis (Fig. 4d).
By comparison, notable dissolution of these Mg,Si phases
into Al matrix occurred after a solution treat, as shown in
Fig. 4e. However, the mean grain size almost remained the
constant.
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Typical optical microstructures evolved in the 6063 Al
alloy processed at different temperatures are shown in Fig. 5.
As shown in Figs. Sa—c, after one pass, the initial equiaxial
coarse grains were highly elongated with a mean grain size
of 530 um parallel to the direction of elongation and 60 um
perpendicular to the direction, leading to an aspect ratio
about 8.8 which do not depend much on the ECAP pro-
cessing temperature. The intense concentration of strains in
deformation bands and shear bands developed in the one-
pass samples. These bands are associated with the consid-
erable strain gradients introduced by deformation-induced
heterogeneous strain [21]. After further passes, the coarse
grains can be subdivided by intersection of these bands
(Fig. 5d-1). At high deformation strains, processing at RT
and 150 °C led to some thinner shear bands merging into
large bands (indicted by dark dotted circles in Fig. 5). In
comparison, after four and eight passes at 300 °C (Fig. 5i
and 1), the tendency for the shear bands became less com-
mon and fine-grained bands appear along shear direction
due to high dynamic recovery rate and preferent relaxation
of strains in shear bands.

Figure 6 shows that the TEM micrographs of the two-pass
and eight-pass samples processed by ECAP at RT, 150 C
and 300 °C. This figure indicates that two- and eight-pass
processing at 300 “C produced coarser equiaxed grains com-
pared to at RT and 150 °C with a mixture of elongated and
equiaxed ultrafine grains. Moreover, the sample processed
at 150 °C had a smaller mean subgrain width (0.325 pm)
than that of processing at RT (0.349 pm) if the number of
ECAP passes was two. However, in the case of eight-pass
condition, the sample processed at RT had a smaller mean
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Fig.4 Microstructures of the 6063 Al alloy before ECAP process: a SEM image of as-received material, b SEM image of the enlarged zone
marked in a, ¢ and d the corresponding EDS analysis marked in a and b, e SEM and f polarized light images of solution-treated material
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Fig.5 Polarized light microstructures of the 6063 Al alloy processed
by ECAP after one pass at RT a, 150 C b and 300 C ¢, two passes
at RT d, 150 °C e and 300 °C f, four passes at RT g, 150 “C h and 300

(sub)grain width (0.19 pm) than that of processing at 150 C
(0.407 pm). Analysis of the SAED patterns in Fig. 6 shows
that the scattered spots in the SAED pattern for two-pass
samples (Fig. 6a and b) evolved into ring pattern consisting
of discrete spots for eight-pass samples processed at both
RT and 150 °C (Fig. 6d, e), indicating that successive pro-
cessing at the RT and 150 °C can lead to most of (sub)grains
boundaries having medium to high angles of misorientation
[14,22].

@ Springer

°C i, and eight passes at RT j, 150 °C k and 300 °C 1. The white arrow
indicates the extrusion direction (ED)

Figure 7a and b show the TEM micrographs of the sam-
ples after four-pass and eight-pass ECAP processing at TST
condition, respectively. As a comparison, the TEM micro-
graphs of the samples after four-pass ECAP processing at
RT, 150 °C are also shown in Fig. 7c and d, respectively. The
histograms of substructure size distributions of the 6063 Al
alloy processed by four and eight passes at RT, 150 ‘C and
TST conditions are presented in Fig. 8. The substructure size
is the width in the transverse of elongated (sub)grains. The
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Fig.6 Representative TEM BF images of samples processed by ECAP after two passes at RT a, 150 °C b and 300 °C c; eight passes at RT d, 150
°C e and 300 C f. The red arrows point at precipitates in f

Fig.7 Representative TEM BF images of samples processed after four passes a and eight passes b at TST, and after four passes at RT ¢ and at
150 Cd

d,, in Fig. 8 is the effective mean width of (sub)grains and  (sub)grains with a mean width d; in Fig. 8, and at least 200
was determined from TEM images using  objects were measured to make statistical comparisons. The

) R N ) . mean (sub)grain width of the samples processed by four and
dy =\ Xfid; ledj [8], where f;is the proportion of  ¢joht passes at TST condition are 0.235 and 0.197 pm,
i j
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Fig.8 Histograms of structural size distribution for samples processed at different conditions: (a) four passes; (b) eight passes

respectively. The SAED patterns in Fig. 7 also indicate that
(sub)grain boundaries mostly exhibit large misorientations.
The equivalent grain width of four-pass samples processed
by three conditions is in the order of 150 ‘C > RT > TST,
indicating that processing at TST condition produced the
better grain refinement.

Figure 9 shows that the bright field (BF) TEM images
with the corresponding selected area diffraction patterns,
and Fig. 10 shows that the HRTEM images and HAADF-
STEM images with the corresponding Fast Fourier Transfor-
mation (FFT) patterns for the samples processed at different
processing temperatures. Processing at RT brought out only
few precipitates locally as shown in Fig. 9a and b. In con-
trast, a large density of sphere-like GP zones with a diam-
eter of only few nanometers were exhibited in the samples
processed by one and two passes at 150 “C. These GP zones
displayed some typical strain-field contrast in.

Figure 9c and d. The high resolution of GP zone is pre-
sented in Fig. 10a. The atomic intensity line profile inserted
in the Fig. 10a suggests that the diameter of the GP zone is
about 4.6 nm. In line with the precipitation sequence of the
Al-Mg-Si alloys, GP zones form in the very early-stage of
precipitation during aging. As presented in Fig. 9c and d,
the density of nanoscaled precipitates pronouncedly increase
with the number of passes from one to two at 150 C.

After one-pass processing at 200 “C, a large quantity of nee-
dle-like precipitates with 10-38 nm in length can be noticed,
as illustrated in Fig. 9e. HRTEM observations further revealed
that the majority of these needle-shaped precipitates were the
monoclinic *’-phase (Fig. 10b and c¢) [23-25]. They appeared
as black lines which are different from its typical morphology
in coarse-grained materials during annealing with no strain-
field contrast at the center of the needle due to the strong strain
contour in the vicinity of the needle while full coherency with
the Al matrix in its interiors[26, 27]. Moreover, some precipi-
tates present the unit cell structure and orientation relationship

@ Springer

for the hexagonal p’-precipitate (Fig. 10d): a=b=0.715 nm,
Y=120°,<2-1-10>4//<100> 4, [28].

In Fig. 9f, some relatively coarse bar-like particles, with
diameter and length up to 40 nm and 120 nm, respectively,
are visible in the sample processed by one-pass ECAP at 300
°C. Judging from elements mapping of these precipitates in
Fig. 10e, they should be Mg-Si phases. The EDS spectra of
some typical precipitates (as shown in Fig. 9) indicate that
these precipitates occurred with the Mg/Si radio close to 2,
which is consistent with ’(MgySis) and B(Mg,Si). These
precipitates may be the post -’ phases in the precipitation
sequence. It also confirms that these precipitates have indeed
formed from the matrix in the one-pass sample processed
at 300 C, independence of the early-stage Mg-Si phase. At
same time, some coarse precipitates with a cross-section about
40 nm in a diameter are identified as ” precipitates in this state
as shown in Fig. 10g due to typical ’ spots circled in yellow
in the inserted FFT pattern [28].

Figure 11 displays precipitation characteristics of four-pass
samples processed at 150 “C and TST conditions and eight-
pass sample processed at TST condition. A large density of
sphere shaped precipitates were still present in these samples.
These nanoscaled precipitates exhibit a typical size about only
few nanometers. These observation are quiet consistent with
the data reported for GP zones of the samples processed after
one and two passes at 150 °C, and it is possible to determine
these precipitates to be GP zones, as indicated by the HRTEM
image inserted in Fig. 11b [26].
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Fig.9 TEM BF images of sample processed after (a) one pass and (b) two passes at RT; (c¢) one pass and (d) two passes at 150 °C; (e) one pass
at 200 °C and (f) at 300 °C; (g) EDS spectra of points in (f). TEM BF image were obtained in the <011 > Al axis

4 Discussion

4.1 Influence of the Processing Temperature on UFG
Microstructures

As compared with processing at other temperatures, process-
ing at 300 “C produced coarse grains in several micrometers
as observed in Fig. 6. It is expected that the increasement
in grain size is related with a high rate of dynamic recovery
as processing at high temperature [6]. Such an increase in
the grain size of SPD-processed sample with the increas-
ing of processing temperature has been widely observed
in many alloys [10, 29]. However, the (sub)grain size of

two-pass sample processed at 150 °C is smaller as com-
pared to the counterpart processed at RT. At the same time,
after four passes, processing at TST condition produced the
smaller grain size as compared to processing at homologous
temperature (RT and 150 °C). It is expected that the grain
refinement should be also associated with precipitates and
decomposition of the supersaturated solid solution during
processing. Unlike the processing at RT condition, a large
number of nanoprecipitates formed in the samples processed
by two passes at 150 °C and four-pass at TST, which can play
an important role in retarding migration of grain boundary.
On the other hand, after eight-pass ECAP processing at 300
°C, the large precipitates formed near the grain boundary,
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2 1/nm

Fig. 10 The precipitates in the Al-Mg-Si alloy processed by ECAP:
(a) HRTEM image of the sample processed after two passes at 150
°C; (b), ¢ HRTEM images and (d) HAADF image of the sample pro-
cessed after one pass at 200 C; (¢) HAADF-STEM images and cor-

suggesting that solute atoms may segregate in the grain
boundaries during SPD processing, which has been already
observed in UFG Al alloys [10, 14]. Some segregates trans-
formation to grain-boundary precipitates after aging has
been confirmed Al-Zr alloy [14]. Processing at RT could
produce limited degree of decomposition of the matrix and
few solute atoms segregated on the grain boundaries, leading

@ Springer

responding STEM-EDS maps, and (f) HRTEM image of the sample
processed after one pass at 300 C. TEM images were obtained in
the <001 > Al axis

to a coarser grain size in the two-pass sample processed at
RT than that at 150 “C. This suggestion is consistent with the
situation that the better grain refinement is obtained in the
alloy processed in the TST condition with nanoprecipitates
formed by a low degree of decomposition and simultane-
ously a level of solute atoms probably segregated at grain
boundaries. Moreover, it has been observed that a level of
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Fig. 11 TEM BF images of
samples processed after four
passes at 150 °C a, TST b,
and after eight passes at TST
d; according TEM DF image
of the sample processed after
four passes at TST ¢. TEM
BF images were obtained in
the <011 > 4, axis. A typical
HRTEM image of precipitates
in the four-pass sample pro-
cessed at TST from <001 > Al
axis is also shown in the inset
of b

decomposition about 20% solute atoms formed into small
precipitates together with the maximized segregation of sol-
ute atoms at grain boundaries produce the strongest grain
refinement [30], which might be argued to be the case in
the present study. Thus, it is concluded here that grain size
is not only control by the dynamic recovery of crystallo-
graphic defects induced by severe deformation but also by
the decomposition of the alloy, precipitation and segregation
of solute atoms.

In comparison with RT condition, the pronounced precipi-
tates in the samples processed at temperatures from 150 to 300
°C. As revealed by TEM results in Figs. 9 and 10, an increase
of processing temperature in the range of RT-300 C does
not change the expected precipitation sequence in low-alloy
Al-Mg-Si alloys. However, ECAP processing temperatures
affect metastable precipitates formation and thus the properties
of the 6063 alloy. Figure 12 shows the electrical conductivities
and ultimate tensile strengths of one-pass samples. In the case
of one-pass ECAP samples with a similar grain size, the elec-
trical conductivity can be used to estimate the changes of solid
atoms content in the matrix. With an increase in temperature
from RT to 300 C, the increased diffusion kinetics enhance

57
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Fig. 12 Plot of the electrical conductivity versus ultimate tensile
strengh (UTS) of one-pass samples processed at diferent temperatures

@ Springer



2524

Metals and Materials International (2022) 28:2513-2528

the decomposition of the alloy. This suggestion is consistent
with the increased electrical conductivity with increasing of
processing temperature, since the Mg and Si in the matrix can
significantly deteriorate the conductivity [31, 32]. Moreover,
with increasing in the number of passes to two, processing at
150 °C produces an obvious increase in the volume fraction of
the nanosized precipitates, which is probably assisted by the
ECAP-induced high-density dislocations through dislocation-
core diffusion mechanism [33]. Under TST condition, there
was a litter change in the volume fraction of nanoscale pre-
cipitates with increasing number of passes from four to eight,
suggesting that these nanoscale precipitates originating from
two-pass processing at 150 ‘C may remain in the following
passes at TST condition.

4.2 Contributing Factors to the High Strength
and Reasonable Electrical Conductivity
of Samples Subjected to Two-Step Pressing

The 6063 Al alloy processed at RT condition have demon-
strated the enhancement in the strength with increasing the
number of passes. The yield strength different of 140 MPa
between samples processed at RT from one to eight passes
appear to be correlated with the enhanced strengthening con-
tribution from the grain refinement form 56 um to 0.19 um.
However, the strength of the sample after four-pass ECAP pro-
cessing at TST condition is 366 MPa, even slightly higher than
that in sample after eight-pass processing at RT (346 MPa)
with a smaller grain size. The most significant microstructural
features of the sample in TST condition are the nano-scale
precipitates and high-density dislocations. As a result, it is
deduced that these features play a key role in the increase of
strength in the TST sample. Based on the above the investi-
gation about microstructures, it indicates that the following
strength mechanisms should be considered for the investigated
alloy: grain boundary strengthening, precipitation strengthen-
ing, solid solution strengthening and dislocation strengthening.
Assuming contributions from different strengthening constitu-
ents act independently, the total strength is given by [14, 34].

Uy = O-0+UGB +USS+UdiS +O-p (1)

where oy is the yield stress, oy, is the lattice friction stress,
Oy Ogiss Ogp» and o, are contributions from the solutes in
solid solution, dislocations, grain boundaries and precipi-
tates, respectively. For the pure Al, the lattice friction stress
has a value of 10 MPa [19].

The influence of solid solution hardening might be writ-
ten as [35, 36]

Oy = Z kiciZ/3 (2)

where k; is a scaling factor for the solute i, and c; is the
concentration of the solute in weight percent wt%. The

@ Springer

scaling factors k; of the Mg and Si are 29 MPa (Wt.%)~3 and
66.3 MPa (wt.%) 3 [35], respectively. Assuming all the sol-
ute atoms (0.52% Mg, 0.49% Si) are in the solid solution and
contributions of these atoms are simple additive, the increase
in yield strength due to solid-solution strengthening in the
investigated alloy is about 60 MPa. However, precipitation
and SPD induced segregation on the grain boundaries might
lead to a decrease of the solutes in the matrix of the TST
samples. Hence, 60 MPa is an upper bound for the samples
at TST condition. On contrast, due to some limited precipi-
tates in RT samples, the contribution of solid-solution might
be very close to 60 MPa. As shown in Fig. 13, the estimated
solid solution hardening in four-pass and eight-pass samples
at RT condition shows a variation of 51-61 MPa.

The contribution of dislocations to the yield stress
increase might be estimated through the following rela-
tionship [37]:

Ouis = aMGbp'/? 3)

p=2(2)" (D xb) )

where a is a constant (0.3) for the FCC phase, M Taylor
factor (3.06), G shear modulus (26.9 GPa), b Burgers vec-
tor (0.29 nm) and p is the dislocation density determined
using Eq. (4). The coherent scattering domain D and the
elastic microdistortion level <£2 > '/2 can be calculated from
XRD peak broadening (B) by employing the Williamson-
hall methodology [20, 38, 39]. Dislocation strengthening
leads to strength increment of about 72 MPa and 37 MPa for
the four-pass samples processed at TST and RT conditions,
respectively.

The contribution of grain boundary strengthening in UFG
materials can be analyzed by Hall-Petch relationship [19, 34].

450 Solid solution strengthening and precipitate strengthening

Dislocation strengthening
Grain boundary strengthening

400 [
350
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250
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Strengh (MPa)
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g.13 The estimated stress form different strengthening mechanisms
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Gop = k,d /2 )
where k, is the strengthening coefficient constant, which is
considered as 0.1 MPaem"? in Al alloys [40]. These investi-
gated samples are characterized with the elongated structure,
and high strains lead to a decrease in its width (d,,). It has
been illustrated that the strength caused by grain boundary
strengthening increases with decreasing the width of the
elongated structure, in accord with Hall-Petch relationship,
in the pure Al processed by cold drawing [41], commercial
purity copper proposed by ECAP [42], and Al-Cu alloy pro-
cessed by surface mechanical grinding treatment at liquid
nitrogen temperature [10]. In the analysis of grain bound-
ary strengthening in present study, the width of elongated
structure can be reasonably taken as a strength determining
parameter. The strength increment from the strengthening is
calculated to be 184, 229 and 206 MPa in samples processed
by four and eight passes at RT condition and four passes at
TST condition, respectively.

The contribution from precipitates can be calculated by
Refs. [43, 44]:
Corowan = %3% In(r/b) (6)

P

In this equation, G and b are the shear modulus (G =25.8
GPa) and the Burgers vector (b=0.286 nm) of the matrix,
respectively, r is the mean radius of a circular cross-section for
a spherical precipitates, and L, is the inter-precipitate distance
and can be expressed by the following equation [43].

Lpzr(\/m-z 2/3) o)

where f is the volume fraction of precipitates, which can be
roughly estimated by the Eq. 8 [18].

2
_(N\:_4 3
f_<§> X 3 XmXr 3
where N is the number of the precipitates, S the total area
of the measured region, and r the mean radius of precipi-
tates. Based on the TEM observations, the volume fraction
of nano-precipitates in the four-pass samples processed at
150 °C and TST conditions and eight-pass sample processed

at TST conditions were estimated as 1.5%, 0.3% and 0.5%,
respectively, with an average radius of 1.39 nm, 1.72 nm
and 1.15 nm. Thus, the contribution of precipitates to the
strengthening through Orowan mechanism are estimated
101 MPa, 39 MPa and 60 MPa for these three samples,
respectively. The contribution of precipitates strengthening
in the sample processed at RT can be neglected since few
precipitates were detected in the grains.

A summary of contributions from different strengthening
mechanism is shown in Table 2. For the samples processed
by four and eight passes at RT, the calculated total strengths
are in very good agreement with the experimental data
(0exp)- respectively, which suggests that the quantitative cal-
culations from different strengthening mechanism are appro-
priate on the above discussions. On contrast, as for these two
samples processed at TST condition, the calculated values
are smaller than the experimentally-measured stresses. One
explanation for the slight high difference is partly decom-
position of solid solution during ECAP processing at TST
condition, probably indicating that some solutes may still
retain in the Al matrix and can lead to an increase in the
strength through solute-solution strengthening.

On the other hand, in order to quantify the significance
of nano-precipitates strengthening as compared with solid-
solution strengthening, it should further estimate the value of
o, + 0, in these samples. In the case of sample processed at
RT condition, the 6, ~ 0, and o =0, — (ogg + 6() — Ogjs-
For the sample processed at 150 °C and TST conditions,
Oy +0,=0cy, — (0Gp + 0¢) — 045 Figure 13 shows the con-
tributions from the different strength mechanisms for the sam-
ples processed at different conditions. As given in Table 2 and
Fig. 13, the major strengthening mechanism is grain bound-
ary strengthening through Hall-Petch effect, which accounts
for at least 60% of a total contribution in these investigated
samples. Moreover, the calculated levels o +o), for the sam-
ples at 150 °C and TST conditions are higher than the values
from solid-solution strengthening in the samples at RT (as
shown in Fig. 13), suggesting that nano-precipitates play a
more significant role in strengthening. It has proved that the
nanoprecipitates can be obstacles and sourced of dislocations,
and be responsible for the high tensile strength [17]. In present
study, the nanosized precipitates could promote a high-density
dislocation, fast up to the saturation level. This explains the

Table 2 The calculated stress

. . State
by different strengthening

Calculated stress (MPa)

mechanisms in comparison with o 0GB Opis

experimental stress
150°C-4p 10 181 23

TST-4p 10 206 72
TST-8p 10 225 55
RT-4p 10 191 37
RT-8p 10 229 56

Experimental Different stress Ao (MPa)
Stress o, (MPa)

Ogs Gp 002

- 101 314 298 17 MPa (5.6%)

- 39 327 366 39 MPa (11%)

- 60 350 376 26 MPa (6.8%)

60 0 298 299 1 MPa (0.3%)

60 0 355 346 9 MPa (2.7%)
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reason why dislocation strengthening in four-pass samples pro-
cessed at TST condition produce an extra increase in strength
as compared with four-pass and eight-pass at RT condition.
During SPD processes the density of dislocation might reach
a saturation value while thereafter further strains could lead
to a reduction of its density, which have been also previously
observed HPT-processed pure Al [45] and ECAP-processed
Al-Mg-Si alloys [16].

Similar to the analysis of strengthening mechanism, it is
possible to investigate contribution of each microstructural fea-
tures to the electrical conductivity. Since it has been showed
that the theoretical predictions of electrical conductivity by
using the Matthiessen's rule is a relatively good agreement
with experimental values [8, 14], contributions from the crys-
talline defects in the investigated samples in present study can
be quantified by it. According to the Matthiessen’s rule, the
total resistivity of the alloy can be expressed as:

Protal = PA1 T Pvac T Ppis T P T+ Pss + Ppy 9)

Here, p,, is the resistivity of pure Al at room temperature
which is equal to 26.55 nQm. The py,..ppisPcp. Pss and pp, are
the increases in resistivity due to the vacancies, dislocations,
grain boundaries, solute atoms in the matrix and precipitates,
respectively.

The contribution of vacancy to the resistivity could be esti-
mated as follows [46]:

Pyac = C,Ap" (10)

where C, (at.%) is the concentration of vacancies, and
Ap¥€ =26 nQm/at.% [47]. It has been observed that the
SPD processing may lead to a significant increase in the
vacancy concertation up to the 1073%[48]. However, even
for such a high vacancy concentration, the contribution of
vacancies is as small as 0.026 nQm. Therefore, the influence
of the vacancy on the resistivity is not important and has
been ignored in the samples of the present study.

The contribution of dislocations to the resistivity could be
calculated by the following equation [46]:

Pis = LpisAp™* (11)

Here, the Ly, (m™?) is the dislocation density, and
ApPE=2.7 x 1072° Qm? [8, 31]. The role of dislocations on
the resistivity can be estimated based on the XRD results.

Even though the high-density dislocations were generated
in the samples during ECAP processing, the increase in
resistivity from dislocations does not exceed 0.027 nQm.
Thus, the contribution may still be neglected as compared
with grain boundaries, solute atoms and precipitates.

The contribution of grain boundaries on the resistivity
can be also calculated as [49]

PgB = SGBAPGB (12)

where the Sgp (m_l)z2/dav [34] is the fraction of the grain
boundary per unit volume in a material with an equivalent
mean grain size d,,, and Ap®® =2 x 107'© Qm? [49]. In
the present study, the equivalent mean grain width (d,,) is
used to obtain an upper bound of the contribution of grain
boundaries.

Additionally, the mutual resistivity of solute atoms (Mg
and Si) and precipitates can be calculated by a difference
between total resistivity and the contributions of pure Al
and grain boundaries to the resistivity of the 6063 Al alloy,
Pss + P ® Prow — (Pa1 + Pag )- Following to the approach,
the obtained each contribution is summarized in Table 3.
In this context it is the noteworthy that the value of
pss + pp in Table 3 might be considered as a lower bound,
since the contribution of grain size is overestimated. Even
then, it is clear that the conductivity is extremely sensitive
to the values of pgg + pp, in these investigated samples,
which contributes to 14%—-21% of the total electrical resis-
tivity. Based on the microstructural features, samples in
150 °C and TST conditions achieved higher electric con-
ductivity could be attributed to nano-scale precipitates
compared to RT samples. This suggestion is in line with
the general trendies of electric conductivity of samples
processed at 150 ‘C and RT in present study. The grain
refinement may be responsible for a reduction of the elec-
trical conductivity with the number of passes in RT sam-
ples. On contrast, even though the grain size significantly
decreases from one to two passes as processing at 150 ‘C
(in Fig. 5), an increasing density of nano-scale precipitates
might lead to an increase of the electrical conductivity
(49.86%IACS of one-pass sample, 50.3%IACS of two-pass
sample). Thus, solute atoms formed into the precipitates
should be mainly responsible for the increase in the elec-
trical conductivity. The second important microstructural

Table 3 Influence of different

microstructural features on the State Proai(0€2m) pa(n€2m) Pyac(n€2m) Pis(ném) Pap (0€2m) Pss + pp(n€im)
electrical resistivity 150°C-4p 327 26.55 0.026 0.009 1.65 4.5

TST-4p 34.83 26.55 0.026 0.027 2.19 6.087

TST-8p 35.77 26.55 0.026 0.021 2.64 6.55

RT-4p 35.7 26.55 0.026 0.014 1.77 7.38

RT-8p 36.15 26.55 0.026 0.021 2.74 6.86
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Fig. 14 Ultimate tensile strength (UST) and electrical conductivity of
the 6063 Al alloy processed by ECAP under RT and TST conditions

feature affecting the conductivity is grain boundaries with
5%-7% contribution to the electrical resistivity.

Besides, the types of precipitates may have effects on
the increase of electrical conductivity [19, 50]. ECAP pro-
cessing at TST condition may lead to presence of coherent
nanoprecipitates. On comparison, ECAP processing at 300
°C led to formation of pronounced post -f’’phases and thus
a high electrical conductivity (up to 57.2%IACS, but a very
low strength about 145 MPa). Such an increase of electri-
cal conductivity has been observed Al 6101 alloy with the
formation of dominant 3° and P phases after HPT process-
ing at RT and post-HPT annealing [8] and Al 6201 alloy
with precipitation of p’after warm HPT processing [19].
For further improvement of electrical conductivity concur-
rent with a high strength of the alloy, the first temperature
regime of the two-step processing may be conducted at an
elevated temperature (above 150 “C) followed at a relatively
low temperature (such as RT) to obtain an UFG structure
with a high density of nanoprecipitates in semi-coherent or
even non-coherent states.

The combination of strength and electrical conductivity of
the samples processed at RT and TST conditions is given in
Fig. 14 Compared to the RT condition, a better combination
of mechanical property and conductivity of the 6063 Al alloy
could be achieved by the TST method. The nanoscaled pre-
cipitates in TST condition can be effective at suppressing the
grain boundary migration, pinning dislocations, and purify-
ing the alloy matrix. This highlights the important of nano-
precipitates for the high strength and conductivity, which can
break the mutually exclusive relationship between the strength
and conductivity, as suggested recently in Al-Zr alloy after
ultra-SPD [14]. It is concluded here that the processing condi-
tion able to produce the better combination properties in low-
alloyed Al-Mg-Si alloys is the one at which a larger number of

nanoscale phase precipitate from decomposition of supersatu-
rated solid solution, in combination with the ultrafine grains.
Hence, the TST approach seems to be an effective approach
to simultaneously enhance strength and electrical conductivity
for the low-alloyed Al-Mg-Si alloy.

5 Conclusions

The effects of ECAP processing temperatures on microstruc-
tures, mechanical and electrical properties of the Al-Mg—Si
alloy were investigated, and a two-step temperature schedule
(TST) was present to produce the low-alloyed Al-Mg-Si
alloys with the optimum combination properties. The follow-
ing findings and conclusions are reached.

1. Grain size and precipitation were highly dependence on
the ECAP processing temperatures and applied strains.
Of different processing conditions, processing at TST
condition led to the best grain refinement.

2. Unlike the RT condition, processing at TST condition
is characterized by lower strains required for the high
yield strength and reasonable electrical conductivity
(366 MPa and 49.5%IACS of four-pass TST sample,
299 MPa and 48.3%IACS of four-pass RT sample).

3. Theoretical analysis shows that maximal contribution
to strength arise from the grain boundary strengthening.
A large number of nano-precipitates and a high-density
dislocation play the significant roles on the strength
increment in the ECAP-processed 6063 Al alloy. The
electrical conductivity is mainly related to the solute
concentration in the matrix. The nanoscaled precipitates
can contribute additional strengthening and purify the
alloy matrix simultaneously, which are responsible for
the excellence combination properties in TST samples.

4. This work reveals that the ultrafine grains with nano-
sized precipitates, which can be induced by the ECAP
processing under TST condition, are very effective in
achieving the better combination of strength and electri-
cal conductivity in the low-alloyed Al-Mg-Si alloy.
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