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a b s t r a c t 

A recurrent challenge with aluminum alloys is their longstanding trade-off between mechanical strength 

and formability. Recently recyclability has put further pressure on the development of single-alloy con- 

cepts for solving this challenge. This study addresses an AlMg-based system featuring additional elements 

to facilitate age-hardening but retaining a high Mg content for inherent pronounced strain hardening as 

a potential candidate. Age-hardening was enabled by T-phase based precipitation in the commercial al- 

loy EN AW-5182 via the addition of 3.5 wt.% of Zn. The investigation shows that minor additions of Cu 

and Ag enhance and accelerate it. The study also compares single-step and double-step artificial aging. 

Hardness and tensile testing and scanning transmission electron microscopy methods were deployed to 

characterize the alloys investigated, mechanically and microstructurally. An alloy with added Zn, Cu and 

Ag showed improved strain hardening and reduced serrated flow in the soft state, while exhibiting an 

age-hardening response of up to 326 MPa in yield strength leading to an ultimate tensile strength of 

550 MPa in peak-aged condition. The study discusses the evolution of the microstructure during artificial 

aging in the light of Zn, Cu and Ag additions and their effect on the precipitation process. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1

 

b  

p  

[  

t  

t  

a  

i

 

i  

t  

A

S

s

a  

t

 

a  

e  

t  

t  

q

 

o  

b  

t  

s  

h

1

(

. Introduction 

In recent decades CO 2 emissions have been significantly

oosted by the accelerated development of the traffic and trans-

ortation sectors, generating harmful changes in the global climate

1 , 2] . Increasing political awareness and rising economic impor-

ance have triggered the development of new and sustainable ma-

erials as solutions to meet this challenge. Deploying low-density

lloys such as aluminum alloys in lightweight construction design

s a well-known weight reduction approach to curbing emissions. 

Unfortunately, multiple operational requirements and engineer-

ng criteria, in particular those which promote strength and duc-

ility, require the utilization of several different alloying concepts
∗ Corresponding author. 
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lloys, Chair of Nonferrous Metallurgy, Montanuniversitaet Leoben, Franz-Josef- 
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nd therefore limit the recyclability at the end of a product’s life-

ime [3] . 

A promising approach to this problem is to establish a single-

lloy concept which combines desirable material properties and

asy recyclability. The automotive industry, in particular, has tried

o do this using AlMgSi alloys (6xxx). Here suitable hardening po-

ential and corrosion resistance have been achieved, but the re-

uirements for complex forming operations remain unfulfilled. 

Commercial AlMg alloys (5xxx), by contrast, exhibit a high level

f uniform elongation and work hardenability [4] . This makes them

eneficial in complex forming operations. However, surface de-

erioration via formation of stretcher strains [5 , 6] and undesired

trength reduction during room temperature storage [7] and paint

ake treatment [8] limit their application. 

Several attempts have been made to overcome these challenges.

odification with targeted amounts of Zn has produced alter-

tions in the precipitation sequence to favor T-phase formation

Mg 32 (Al,Zn) 49 ] [9] , resulting in increased strength [10–13] , de-

ayed onset of serrated flow [11 , 14 , 15] and improved intergranular

orrosion resistance (IGC) [10 , 16–18 ]. Adding Cu has been shown
rticle under the CC BY-NC-ND license. 
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Table 1 

Main nominal element content of the alloys investigated in wt.%. 

Mg Mn Zn Cu Ag 

Alloy Zn 4.7 0.4 3.5 – –

Alloy Zn Ag 4.7 0.4 3.5 – 0.17 

Alloy Zn Cu0.15 4.7 0.4 3.5 0.15 –

Alloy Zn Cu0.15 Ag 4.7 0.4 3.5 0.15 0.17 

Alloy Zn Cu0.5 4.7 0.4 3.5 0.5 –

Alloy Zn Cu0.5 Ag 4.7 0.4 3.5 0.5 0.17 
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to reduce [19] or even compensate [20–22] for softening during

paint bake treatment, because the Cu additions generate poten-

tial for precipitation hardening by S-phase [Al 2 MgCu] and its pre-

cursors [23–26] . Applying minor amounts of Ag is also a well-

known way to enhance the age hardening response in AlCuMg

[27 , 28] and AlZnMg [29–31] alloys by modifying the precipitation

sequence. This has been also reported for Ag-doped AlMg [32 , 33]

and AlMgCu [34–36] alloys, where the hardening response has

been attributed to icosahedral quasi-crystals which tend to develop

in the T- or Z-phases. 

The combined addition of Zn and Cu in AlMg alloys has at-

tracted increasing attention in the past few years due to these al-

loys’ positive effect on stress corrosion cracking [37–39] and on the

hardening response during artificial aging. Cao et al. [40–42] and

Hou et al. [43 , 44] focused their investigations on plate-like mate-

rial and showed that the precipitation sequence in these alloys de-

pends strongly on thermal treatment. They found that peak hard-

ness is generated by synergistic effects between T- and S-phase af-

ter single-step artificial aging, but by the Cu-incorporated T-phase

if a pre-aging treatment was applied. Recent work by some of the

present authors on high pressure die casting alloys with similar

compositions has supported these findings [45] . 

The modified 5xxx series may thus be a potential route to a

single-alloy concept which both offers high strength and formabil-

ity and addresses the challenges of mass reduction and multi-alloy

recyclability. The aim of this study is to evaluate the eligibility of

Zn-modified EN AW-5182 alloy with Cu additions for this purpose,

especially in terms of hardening potential. Here the use of Ag as a

minor alloying element and thermal treatment design are special

focuses. The influence of alloy composition on the development of

microstructure during artificial aging treatment is discussed in de-

tail. 

2. Experimental 

Table 1 shows the main element content of the alloys investi-

gated. All alloys are based on EN AW-5182 as supplied by AMAG

rolling GmbH, modified by adding Zn and varying amounts of Cu

and Ag. 

All alloys were melted and cast as laboratory scaled slabs using

a laboratory scale vacuum induction furnace. A detailed description

of alloy production and processing can be found elsewhere [46] .

Two-step-homogenization of the slabs before hot rolling (465 °C)

was performed for 24 h at 460 °C and 470 °C. Hardness testing

samples and tensile testing samples were cold rolled to a final

thickness of 2 mm and 1.2 mm to ensure cold rolling degrees of

50% and 20%, respectively. To generate a supersaturated solid solu-

tion, all samples were solution heat treated at 465 °C for 35 min

and quenched by immersion in water at room temperature. Arti-

ficial aging was performed in a circulating oil bath at 125 °C and

100 °C/3 h + 175 °C for single-step and double-step aging treat-

ment, respectively. 

Hardness testing was performed on an EMCO-TEST M4 unit ac-

cording to Brinell’s method (HBW 2.5/62.5) while tensile testing

was done on a Zwick-Roell tensile testing unit BT1-FR100THW.A2K
quipped with a 50 kN load cell. The graphed data represent an

verage of five and three independent hardness and tensile testing

easurements, respectively. 

Thin-foils for scanning transmission electron microscopy

STEM) were punched out of sheets and ground to a thickness

f 100 μm. Twin jet electro-polishing was performed using a

olution of 75% methanol and 25% nitric acid, a temperature of

10 °C and an electric potential of 10 V. Diffraction patterns (DP)

nd energy dispersive x-ray spectroscopy (EDS) measurements

ere carried out with a Thermo Fisher Scientific TM Talos F200X

canning transmission electron microscope. 

. Results 

.1. Screening of the hardening potential 

.1.1. Effect of Cu and Ag on single-step aging 

Fig. 1 shows the evolution of the hardness of the investigated

lloys during single-step aging at 125 °C. We first consider the

g-free alloys (full lines). While the Cu-free alloy (Alloy Zn; red

ine) responds to the aging treatment only after extended aging

ime, adding Cu shifts the hardening onset to earlier times. This

s more pronounced in the variant containing a large amount of

u (Alloy Zn Cu0.5; orange line), compared to the alloy containing

 medium amount of Cu (Alloy Zn Cu0.15; blue line), where this

ffect is only minor. It is interesting to note that Alloy Zn Cu0.5

xhibits a steady hardness increase immediately at the beginning

f aging, while alloys with no or minor Cu addition show a rela-

ively sharp transition between low and high hardness levels. Nev-

rtheless, the maximum hardness observed exhibits only minor

ifferences over the investigated time range, independent of the

u content. Small additions of Ag (dashed lines) significantly ac-

elerate the hardening response and exceed the top hardness level

f the non-Ag-doped alloys (full lines) by approximately 25 HBW

n average, reaching a maximum hardness of 166 HBW in Al-

oy Zn Cu0.5 Ag. 

.1.2. Effect of Cu and Ag on double-step aging 

Besides adding minor alloying elements to enhance and acceler-

te hardening, applying a pre-aging treatment is reported to have

ccelerating effects. Inspired by earlier findings [45] , all alloys in-

estigated were pre-aged at 100 °C for 3 h before aging at higher

emperature (175 °C). The hardness evolution of the second aging

tep is shown in Fig. 2 for non-Ag-doped (full lines) and Ag-doped

dashed lines) samples of Alloy Zn (red curves), Alloy Zn Cu0.15

blue curves) and Alloy Zn Cu0.5 (orange curves). 

After pre-aging of the non-Ag-doped alloys the initial hardness

n the second aging stage increases proportionally to the Cu con-

ent. Both the hardening onset and the peak hardness are shifted

o markedly earlier aging times (9 h instead of 9 days), resulting

lso in early over-aging when compared to single-step aging. The

eak hardness follows the same trend as the initial hardness and

xhibits higher levels compared to single-step-aged samples except

lloy Zn. 

Alloy samples containing Ag exhibit a higher initial hardness

evel after pre-aging compared to the non-Ag-doped samples,

hich tends to drop at the beginning of the second aging stage be-

ore an accelerated increase to peak hardness takes place. The ac-

elerating effect of Ag diminishes with increasing Cu content but

g still promotes a slightly higher overall hardness, especially in

eak-aged condition. 

The maximum hardness found for all Ag-containing alloys dur-

ng double-step aging is slightly lower than their maximum hard-

ess found during single-step aging (6% in average). However,

eak-aging time is reduced by a factor of ~18 if double-step aging

as applied. 
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Fig. 1. Hardening curves of Alloy Zn (red lines), Alloy Zn Cu0.15 (blue lines) and Alloy Zn Cu0.5 (orange lines) for single-step artificial aging at 125 °C; dashed lines refer to 

the corresponding Ag-doped alloys. 

Fig. 2. Hardening curves of Alloy Zn (red lines), Alloy Zn Cu0.15 (blue lines) and Alloy Zn Cu0.5 (orange lines) for the second stage of double-step artificial aging 

(100 °C/3 h + 175 °C/x); dashed lines refer to the corresponding Ag-doped alloys. For comparison the peak-aging time for single-step aging from Fig. 1 is also indicated (9d). 
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.2. Effect of increasing the alloy content 

For alloys containing both Cu and Ag, the boosting effect

f each additional alloying element seems to accumulate in

tep with the other (see Fig. 3 ), especially for single-step aging

 Fig. 3 a), which generates the highest level of hardness observed

n this study. To understand and characterize this observation, fur-

her investigation will focus on Alloy Zn (unbroken red line), Al-

oy Zn Cu0.5 (dashed blue line) and Alloy Zn Cu0.5 Ag (dotted or-

nge line) to evaluate the effect of a gradual increase in total alloy

ontent. 

.2.1. Hardness evolution 

.2.1.1. Single-step aging (125 °C). After solution heat treatment

nd quenching (condition A in Fig. 3 a) all the supersaturated alloys

xhibit a similar hardness of approximately 85 HBW. After only 3 h

f aging at 125 °C (marked as condition B in Fig. 3 a) Alloy Zn Cu0.5

nd Alloy Zn Cu0.5 Ag have already gained a distinct hardness in-

reases of 15 and 30 HBW, respectively, while for Alloy Zn no in-

rease in hardness is observed. Peak hardness (marked as condi-

ion C in Fig. 3 a) is reached after 9 days of aging for Alloy Zn and
lloy Zn Cu0.5 Ag and after 16 days for Alloy Zn Cu0.5. While Cu-

dditions exhibit an only minor benefit on peak hardness, the com-

ined addition of Cu and Ag promotes a maximization of hardness

eaching 166 HBW. 

With extended aging time the hardness of all three alloys starts

o decrease (over-aging) but remains on a high level also for longer

ging times (45 days). 

.2.1.2. Double-step aging (100 °C/3 h + 175 °C). After the first

ging stage (condition E in Fig. 3 b) Alloy Zn Cu0.5 and Al-

oy Zn Cu0.5 Ag exhibit already a significant hardening response,

hile no increase can be observed in Alloy Zn. This trend is con-

istent with condition B in Fig. 3 a. 

Peak hardness was reached after 9 h of second-step aging (con-

ition F in Fig. 3 b). While both Cu-containing alloys show a more

r less distinct climax Alloy Zn exhibits a hardness plateau. It is

lso interesting to note that peak hardness of Alloy Zn and Al-

oy Zn Cu0.5 Ag observed in single-step aging could not be reached

f double-step aging was applied. In contrast peak hardness of Al-

oy Zn Cu0.5 is significantly higher and almost at the same level

f the Ag-containing alloy. After 16 days of aging (condition G in
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Fig. 3. Comparison of the hardening curves of Alloy Zn (unbroken red line), Alloy Zn Cu0.5 (dashed blue line) and Alloy Zn Cu0.5 Ag (dotted orange line) (a) for single-step 

aging (b) for double-step aging. A = as-quenched condition, B, C, D, E, F and G = conditions of microstructure investigation. 
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Fig. 3 b) all three alloys show decreased hardness due to distinct

over-aging. 

3.2.2. Microstructural evolution 

To understand the effect of alloy composition on the observed

hardening response, detailed investigations into the evolution of

the microstructure with progressing artificial aging time were con-

ducted in the form of diffraction studies and EDS measurements.

For under-aged conditions bright field (BF) images were addition-

ally acquired. 

According to literature [40 , 43] and thermodynamic calcula-

tions [47 , 48] , hardening by T- and/or S-phase, including precursors,

seems to be the most reasonable mechanism. 

In equilibrium condition the S-phase (Al 2 MgCu) is expected to

exhibit an orthorhombic structure (a S = 0.400 nm, b S = 0.923 nm

and c S = 0.714 nm), while the T-phase shows a cubic structure

(a T = 1.416 nm, b T = 1.416 nm, c T = 1.416 nm) [23 , 49 , 50] . 

Both phases can be identified according to their distinct re-

flection spots within the aluminum matrix along the 〈 001 〉 zone

axis, exposing the characteristic T-phase spots at the 2/5 and 3/5

〈 022 〉 Al position and the characteristic S-phase spots between the

{002}Al and {022}Al spots, respectively [42] . In view of the similar

crystal structure reported for precursors and equilibrium phases,

they were not distinguished in this study [9 , 26 , 51 , 52] . 

It is worth emphasizing that microstructural investigations on

under-aged and long-aged conditions were conducted after similar

aging time for single-step and double-step aging for comparison

reasons. Peak-aged conditions were derived from hardening curves

of Alloy Zn Cu0.5 Ag for each treatment strategy individually. 

3.2.2.1. Single-step aging. Figs. 4 and 5 show the BF images, DPs

and selected EDS mappings of Alloy Zn (a), Alloy Zn Cu0.5 (b) and

Alloy Zn Cu0.5 Ag (c) after 3 hours of aging at 125 °C, correspond-

ing to the under-aged condition B in Fig. 3 a. 

In contrast to Alloy Zn ( Fig. 4 a) dark spots are evident be-

side dispersoids in the BF images of both Alloy Zn Cu0.5 and Al-

loy Zn Cu0.5 Ag ( Fig. 4 b and c) but with a higher number density

in the Ag-containing alloy. 

Over- and under-focusing the BF images did not change the

Fresnel contrast of the dark spots, which indicates that they are

most probable neither electron-beam generated voids nor disloca-

tion loops. Taking the increased hardness levels of Alloy Zn Cu0.5
nd Alloy Zn Cu0.5 Ag and the absence of extra reflection spots

eside the matrix spots in the corresponding DPs ( Fig. 5 ) into ac-

ount, it is reasonable to identify these dark spots as precursors

f hardening precipitates, most likely GPI-zones according to the

omenclature proposed by Hou et al. [43] and electron-beam con-

rast mechanisms presented in textbooks [53 , 54] . 

In contrast to the findings in the BF images EDS mappings re-

ealed no distinct aggregation of hardening elements ( Fig. 5 ) at any

agnification investigated. This method might be inappropriate at

his condition due to its detection limit in combination with the

ery likely dissolution of the highly unstable precursors by electron

rradiation introduced during the measurement itself, especially at

igher magnification. 

Subsequent aging to peak hardness (condition C in Fig. 3 a) gen-

rates the microstructures shown in Fig. 6 . A clear aggregation of

he hardening elements Mg and Zn can be observed for all three

lloys. Extra reflection spots in the DPs corresponding to T-phase

or its precursors) indicate that the precipitates have developed

 distinct crystal structure under the condition studied. It should

lso be noted here that no distinction was made in this study be-

ween the precursor and the equilibrium phase. Alloy Zn Cu0.5

 Fig. 6 b) exhibits additional reflections corresponding to S-phase or

ts precursors (inset) but a clear aggregation of Mg and Cu related

o S-phase formation was not observed which may be related to

heir low number density implied by the weak expression of the

ragg diffraction signal. Interestingly also a distinct aggregation of

u with Mg and Zn was found neither in Alloy Zn Cu0.5 nor in

lloy Zn Cu0.5 Ag (white circles in Fig. 6 b and d) but a signifi-

ant aggregation of Mg and Zn with Ag (green circles in Fig. 6 d) is

vident in the latter alloy. Note that for Alloy Zn Cu0.5 the Cu sig-

al is disturbed by anodic depositions of Cu-rings formed during

lectro-polishing (Cu mapping in Fig. 6 b) [55] . 

The hardening phases in the non-Ag containing alloys exhibit

 similar distribution and density in the matrix, while the mi-

rostructure of Alloy Zn Cu0.5 Ag contains of significantly finer

recipitates in a higher density. This observation agrees with the

ndings of hardness measurements and indicates that Ag atoms

ave a strong influence on the initial formation of GPI-zones. 

The influence of alloy composition on microstructural features

s most pronounced in the long-aged condition (condition D in

ig. 3 a) and is shown in Fig. 7 . Adding Cu seems to change the

orphology of the hardening precipitates from an elongated, lath-
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Fig. 4. BF images of Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag in under-aged condition (125 °C/3 h). Red arrow indicates a GPI-zone representatively. 

Fig. 5. DPs and EDS mappings of the main alloying elements in Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag (c) in under-aged condition (125 °C/3 h). The scale 

bar in the Mg mapping in (c) applies to all EDS mappings. 
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ike shape in Alloy Zn ( Fig. 7 a) to a more spherical shape in Al-

oy Zn Cu0.5 ( Fig. 7 b). This effect may be related to the progression

f hardness, because Alloy Zn Cu0.5 has only reached now peak

ardness at this stage, while a hardness decrease due to over-aging

s already noticeable for Alloy Zn. Again, anodic depositions in Al-

oy Zn Cu0.5 are present in the EDS mapping and distinct aggre-
ation of Cu with Mg (S-phase) or with Mg and Zn (Cu-containing

-phase) is unclear (white circles in Fig. 7 b). In contrast to Alloy Zn

nd Alloy Zn Cu0.5, for which the supersaturation of Mg and Zn

ithin the Al matrix has drastically decreased via the formation of

recipitates, this effect is observed for the Ag-containing alloy only

o a minor extent. The precipitation density in Alloy Zn Cu0.5 Ag is
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Fig. 6. DPs of the alloys and EDS mappings of the main alloying elements in Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag (c) in peak-aged condition (125 °C/9 days). 

Extra reflection spots marked by blue circles in DP of b) correspond to S-phase. White circles indicate correlation of only Mg and Zn, green circles indicate aggregation of 

Mg, Zn and Ag. The scale bar in the Mg mapping in (c) applies to all EDS mappings in (a), (b) and (c), the scale bar in the Mg mapping in (d) applies to all EDS mappings 

in (d). 
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significantly higher, which correlates well with the higher hardness

level found. Interestingly, at this stage the Ag-added alloy ( Fig. 7 c

and Fig. 7 d) exhibits also aggregates of Mg and Ag with minor Zn

content (green circles) as well as Mg-Zn-Ag aggregates with signif-

icant Cu-incorporations (orange circles) beside Mg-Zn aggregates

without enrichment of Cu and Ag (white circles). As expected, the

DPs show the same reflection spots as observed in the peak-aged

state, although they are more pronounced in the long-aged condi-

tion. 

3.2.2.2. Double-step aging. The under-aged condition for the

double-step aging strategy corresponds to the initial state of the

second aging step (3 hours at 100 °C, condition E in Fig. 3 b). The

BF images of the investigated alloys in this state are shown in

Fig. 8 , the corresponding DPs and selected EDS mappings are de-

picted in Fig. 9 . 

Alloy Zn Cu0.5 ( Fig. 8 b) and Alloy Zn Cu0.5 Ag ( Fig. 8 c) exhibit

a high number density of finely dispersed dark spots, identified as

hardening precursors (GPI-zones) in the same way already men-

tioned before. The BF image of Alloy Zn ( Fig. 8 a) in contrast shows

fainted dark spots in a low number density and a significantly

lower contrast. Due to the absence of any hardening response in

the corresponding alloy they are assumed to be solute aggregates,

which have not developed into GPI-zones at this stage. 

Findings in the BF images are supported by the DPs in Fig. 9

due to the fact that only matrix reflection spots can be observed
n any investigated alloy. EDS mappings in the same figure might

ndicate a certain level of solute aggregation (when compared to

ig. 5 ) but that can’t be taken to be significant for the reasons al-

eady mentioned. 

Fig. 10 shows the DPs and selected EDS mappings for each alloy

fter aging to peak hardness in the second aging stage (condition

 in Fig. 3 b). The distinct aggregation of Mg and Zn and the extra

eflection spots beside the matrix spots clearly identify the hard-

ning precipitates as T-phase. 

While large needle-like precipitates in low number density are

resent in Alloy Zn ( Fig. 10 a), finely dispersed globular precipitates

xist in high number density in Alloy Zn Cu0.5 ( Fig. 10 b) and Al-

oy Zn Cu0.5 Ag ( Fig. 10 c). Only minor differences can be observed

etween the latter two which is consistent with the only minor de-

iations in measured hardness. Even though the EDS signal of Cu

hows slight enrichment in Mg-Zn aggregates (indicated by white

ircles) an explicit tendency is hard to see in either Alloy Zn Cu0.5

 Fig. 10 b) or Alloy Zn Cu0.5 Ag ( Fig. 10 c) at this stage but the ab-

ence of S-phase spots in the DP of Alloy Zn Cu0.5 might support

he aggregation tendency of Mg, Zn and Cu. 

After 16 days of aging in the second aging stage (condition

 in Fig. 3 b) the hardness of the investigated alloys is strongly

eteriorated due to undesired precipitate growth as shown in

ig. 11 . Extra reflection spots of T-phase are evident in the DPs

f Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag (c).

he size of the already large precipitates observed in Alloy Zn in
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Fig. 7. DPs of the alloys and EDS mappings of the main alloying elements in Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag (c) in long-aged condition (125 °C/16 

days). Extra reflection spots marked by blue circles in DP of b) correspond to S-phase White circles indicate correlation of only Mg and Zn, green circles indicate aggregation 

of Mg, Zn and Ag and orange circles highlight correlation of Mg-Zn-Cu-Ag. The scale bar in the Mg mapping in (c) applies to all EDS mappings in (a), (b) and (c), the scale 

bar in the Mg mapping in (d) applies to all EDS mappings in (d). 
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eak-aged condition ( Fig. 10 a) has even increased to over 100 nm

n long-aged condition ( Fig. 11 a) resulting in a strong decrease

f number density. Precipitates in Alloy Zn Cu0.5 ( Fig. 11 b) and

lloy Zn Cu0.5 Ag ( Fig. 11 c) have also coarsened and a decrease

n number density is also evident at this stage compared to

eak-condition ( Fig. 10 b and c), but in contrast to the non-Cu-

ontaining alloy, the fraction, size and distribution of the particles

till accounts for the higher hardness levels observed. 

At this aging stage small precipitates with a clear enrichment

f Cu (red circles) can be observed beside large Mg-Zn aggregates

ithout Cu (white circles) in Alloy Zn Cu0.5 ( Fig. 11 b). In the Ag-

ontaining alloy ( Fig. 11 c) most of the particles contain significant

mounts of Cu (red circles) with some of them additionally en-

iched with Ag (orange circles). 

.3. Mechanical properties 

To evaluate the full strengthening potential of such alloys, ten-

ile testing was performed for the most promising one in terms

f its hardening response (Alloy Zn Cu0.5 Ag) in the as-quenched

tate (condition A in Fig. 3 a) and at its maximum hardness (con-

ition C in Fig. 3 a). While the as-quenched samples (curve A in

ig. 12 ) exhibit high fracture elongation, low yield strength

143 MPa) and excellent work hardenability, the peak-aged state

curve C in Fig. 12 ), offers a high yield strength of 469 MPa
hich corresponds to a dramatic gain in strength of 326 MPa

~330%). Nevertheless, the peak-aged state still retains a signifi-

ant strain hardening potential, which leads to an ultimate ten-

ile strength of 550 MPa. The remaining fracture elongation is

.3%. Moreover, no serrated flow caused by the PLC-effect is

resent [15 , 56] in the peak-aged state. It is worth noting that

ven in the as-quenched state only a weak PLC-effect can be

een, while the other characteristics of the stress strain curve

re highly comparable to the standard EN AW-5182 alloy (gray

urve in Fig. 12 ) which was used as a base in production

f the alloys. By plotting the strain hardening rate SHR over

rue stress (Kocks-Mecking-Plot) for fitted stress-strain curves of

N AW-5182 and Alloy Zn Cu0.5 Ag in soft temper (inset in

ig. 12 ) a shift to higher SHR and a flattening of the curve for

he Zn-Cu-Ag-doped alloy is observed which can be linked to pro-

oted dislocation formation and reduced dislocation annihilation

ssociated with enhanced stretch-formability [57–59] . 

. Discussion 

Adding Zn to a commercial EN AW-5182 alloy introduces an

ge hardening potential by enabling T-phase precipitation. Our

tudy showed that this effect can be enhanced and accelerated by

dding minor amounts of Cu and Ag. Additionally, tensile testing

onducted on Alloy Zn Cu0.5 Ag further gives strong indication
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Fig. 8. BF images of Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag in under-aged condition of single-step aging (100 °C/3 hours). Red arrow indicates a GPI-zone 

representatively. 
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for improved stretch-formability in the soft condition compared to

the EN AW-5182 alloy. The results are discussed with a focus on

successive addition of the alloying elements Zn, Cu and Ag to the

base alloy. 

4.1. Effect of Zn on the aging response of EN AW-5182 

According to thermodynamic calculations [47 , 48] the T-phase

(Mg 32 (Al,Zn) 49 ) is supposed to be the dominating hardening phase

in this alloy system under equilibrium condition. Hardening by T-

phase or its precursor has been reported for 7xxx-series alloys

with low Zn/Mg-ratio [13] as well as for modified AlMg alloys

[11 , 12 , 40] , but the exact description of the precipitation sequence

is still a matter of debate as it is strongly dependent on the chem-

ical composition of the alloy. 

Hou et al. [43 , 44] recently proposed a precipitation sequence

[SSSS (supersaturated solid solution) ➔ GPI zone ➔ GPII zone (in-

termediate phase T’’) ➔ intermediate phase T’ ➔ equilibrium phase

T-Mg 32 (Al,Zn) 49 ] which includes fully coherent clusters with no

diffraction spots (GPI), fully coherent precipitates with diffraction

spots (GPII, T’’), semi-coherent (T’) and incoherent (T) precipitates

with diffraction spots. Such a precipitation sequence seems to be

the most adequate for the alloy system investigated in this study. 

Generally precipitation is governed by two mechanism: the

nucleation and growth of precipitates [4 , 60] . Their nucleation

is determined by an advantageous aggregation/formation while

their growth is driven by diffusion and attachment of precipitate-

forming solutes. 

After 3 hours of single-step aging at 125 °C of Alloy Zn, neither

an increase in hardness nor GPI-zones in the BF image were found

in this under-aged condition ( Fig. 4 a). EDS mappings for this con-

dition are not taken into account for interpretation due to insuffi-

cient detection limit and the radiation damage yield by the mea-

surement itself. 
However, our findings correlate well with the results by Cao

t al. [40] for an under-aged Zn-containing AlMg alloy. The lower

ging temperature applied in the current study facilitates a lower

iffusion rate of solutes and generates a shift in the hardening

nset to extended aging time, which is attributed to a relatively

igh activation energy and a larger critical nucleus of the T-phase

52 , 61] . On the other hand the formation of solute aggregates/GPI-

ones is more beneficial at lower temperatures in the Al-Mg-Zn

ystem [52 , 62] . Based on recent DFT calculations (see Table 2 a)

e therefore suppose that the microstructure already consists

f small, non-hardening Mg-Va/Zn-clusters due to their highest

ormation probability (highest binding energy) in the Al-Mg-Zn

ystem. These clusters are not detectable with the applied exper-

mental methods but they establish their effect once the barrier

f nucleation and growth of T-phase is overcome. Please note that

nformation on the early stages of aging is limited at the moment

ue to the novelty of the examined alloy systems. More detailed

nvestigations need to be carried out but would go beyond the

cope of this study, which is to explore their hardening potential. 

STEM investigations on Alloy Zn after prolonged aging time

ndicate that the hardening observed indeed results from T-phase

recipitates or its precursors. They exhibit an elongated, lath-like

hape, which is more pronounced in the in long-aged condition

han in the peak-aged condition (compare Alloy Zn in Figs. 6 a

nd 7 a). 

If a pre-aging treatment is applied, indications of GPI-zones in

ow number density can be found in the under-aged condition of

ouble-step aging of Alloy Zn ( Fig. 8 a). Even though the limited

iffusivity at 100 °C prevents solute attachment and growth of

recursors, their formation seems to be favored due to increased

g-supersaturation and short diffusion pathways [42 , 45 , 62] . Upon

ubsequent high temperature aging (175 °C) precursors formed in

rst low-temperature stage act as preferential nucleation sites and

recipitate growth is facilitated due to enhanced diffusion and at-
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Table 2 

Binding energies calculated according to DFT for various cluster configurations of solute elements (Mg, Zn, Cu and Ag) and vacancies (Va) [73] . 

Configuration Cluster Binding energy [meV] Cluster Binding energy [meV] Cluster Binding energy [meV] 

a) Alloy Zn b) Alloy Zn CuX c) Alloy Zn CuX Ag 

X-X Mg-Zn 40 Cu-Cu 60 Ag-Ag 120 

Zn-Zn 20 Mg-Zn 40 Mg-Ag 90 

Mg-Mg 20 Cu-Zn 30 Cu-Ag 80 

Va-X Va-Zn 50 Va-Zn 50 Va-Ag 110 

Va-Mg 10 Va-Cu 30 Va-Zn 50 

Va-Mg 10 Va-Cu 30 

X-X-Va Mg-Va/Zn 100 Cu-Va/Cu 100 Mg-Va/Ag 190 

Zn-Zn/Va 90 Mg-Va/Cu 100 Ag-Va/Ag 160 

Mg-Zn/Va 80 Mg-Va/Zn 100 Cu-Va/Ag 150 

Fig. 9. DPs of the alloys and EDS mappings of the main alloying elements in Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag (c) in under-aged condition of double-step 

aging (100 °C/3 hours). The scale bar in the Mg mapping in (c) applies to all EDS mappings in (a), (b) and (c). 
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achment of solutes shifting the hardening onset and peak hard-

ess towards earlier aging times [43 , 45] . 

In peak-aged condition large, elongated T-phase precipitates are

resent in the matrix ( Fig. 10 a). Their number density is signif-

cantly smaller compared to single-step aging ( Fig. 6 a), which is

ttributed to the drastically increased diffusion at 175 °C and the

esulting favored growth of large precipitates on the cost of small

nes [60 , 61] . This effect is even more pronounced in the long-

ged condition ( Fig. 11 a) coming along with a drastically decreased

ardening ability (over-aging). 

.2. Effect of Cu on the aging response of Zn-enhanced EN AW-5182 

The hardening response of the Zn-modified AlMg alloy is sig-

ificantly boosted and accelerated by adding Cu. For single-step

ging the hardening onset is shifted towards earlier aging times

y changing the sharp hardness transition to a steady increase

hich starts immediately at the beginning of aging treatment. The

oosting effect of Cu in Mg-containing alloys has been previously

eported for 2xxx-series [63–65] , 6xxx-series [66 , 67] , 7xxx-series

68–70] alloys and Cu-added 5xxx-series alloys [19 , 21–24 ]. Partic-

larly in AlCuMg and AlMgCu alloys this effect has been linked

o Mg-Cu-cluster hardening, which represents the earliest stage of
-phase precipitation [SSSS ➔ Mg-Cu-clusters/GPB zones ➔ inter- 

ediate phase S’’ ➔ intermediate phase S’ ➔ equilibrium phase S-

l 2 MgCu]. In light of the ongoing debate about the exact descrip-

ion of the precipitation sequence and the related crystal struc-

ures, we make no attempt to distinguish between the different

volution stages. 

STEM investigations on the Cu-added alloys (especially Al-

oy Zn Cu0.5) in peak-aged and long-aged condition of single-step

ging indicate that S-phase or its precursors are indeed present

long with the T-phase (or its precursors). This has also been pre-

iously reported by several authors investigating comparable al-

oy compositions [ 40–43 , 45] . The fact that S-phase spots are very

ainted and that Mg-Cu aggregates were not found by EDS mea-

urements indicates a very low number density of these precipi-

ates in the investigated alloy and condition resulting in an only

arginal hardening contribution, which is attributed to the low to-

al Cu content and its limited diffusivity at low temperatures [71] . 

After 3 hours of single-step aging at 125 “C ( Fig. 5 b) no extra

eflection spots are present in the DP, which indicates that the

ardness increase observed results from GPI-zones found in the

orresponding BF images ( Fig. 4 b). Even though their composition

as not assessed in the current study, APT results reported by Cao

t al. [42] in a similar alloy in the under-aged state indicate that
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Fig. 10. DPs of the alloys and EDS mappings of the main alloying elements in Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag (c) in peak-aged condition of double-step 

aging (100 °C/3 hours + 175 °C/9 hours). White circles indicate correlation of Mg and Zn. The scale bar in the Mg mapping in (c) applies to all EDS mappings in (a), (b) and 

(c). 

Fig. 11. DPs of the alloys and EDS mappings of the main alloying elements in Alloy Zn (a), Alloy Zn Cu0.5 (b) and Alloy Zn Cu0.5 Ag (c) in long-aged condition 

(100 °C/3 hours + 175 °C/16 days). White circles indicate correlation of only Mg and Zn, red circles indicate aggregation of Mg, Zn and Cu and orange circles indicated 

aggregates of Mg, Zn, Cu and Ag. The scale bar in the Mg mapping in (c) applies to all EDS mappings in (a), (b) and (c). 



L. Stemper, M.A. Tunes and P. Oberhauser et al. / Acta Materialia 195 (2020) 541–554 551 

Fig. 12. Stress-strain curves of Alloy Zn Cu0.5 Ag in soft (A) and hard (C) temper and EN AW-5182 in its dedicated forming condition (gray curve). Inset: Kock-Mecking-plots 

[58] corresponding to Alloy Zn Cu0.5 Ag in soft temper (A) and EN AW-5182. The dashed gray line represents the Considère criterion. 
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PI zones containing small but significant amounts of Cu were re-

ponsible for the early stage hardening. They concluded that Mg-

u-clusters in great density might act as “nuclei” for the formation

f hardening GPI zones which grow by gradual increase of Zn and

radual decrease of Mg and Cu with prolonged aging time [42] . 

Even though Zn and Cu exhibit similar attractive interaction en-

rgies with Mg atoms according to first principle calculations on

olute pairs performed by Ogura et al. [72] , the formation of Mg-

u-clusters seems to be favored over Mg-Zn-clusters. This may be

elated to an atomic size effect and, therefore, to a minimization of

he misfit strain between precursor and matrix because Mg atoms

re larger by 12%, whereas Cu and Zn are smaller by 10% and

.8%, respectively [41] . The beneficial effect of Cu was additionally

roven by extended DFT calculations [73] in the Cu-added Al-Mg-

n system (see Table 2 b). Triplets of Cu-Va/Cu, Mg-Va/Cu and Mg-

a/Zn exhibit a significantly higher formation probability compared

o solute pairs of Mg, Zn and Cu as well as to clusters in the Cu-

ree Al-Mg-Zn system (see Table 2 a). As a result, the development

f GPI-zones is enhanced by Cu-additions, which agrees well with

ur findings. 

An additional explanation for the earlier hardening onset might

e a decrease in activation energy for T-phase formation in com-

ination with higher strengthening ability of Cu-containing GPI

ones, as observed in 7xxx-series alloys [69] . 

Even though EDS mappings performed for Alloy Zn Cu0.5 reveal

o distinct aggregation of Cu in the T-phase precipitates (white cir-

les in Figs. 6 b and 7 b), their morphology has changed in the di-

ection of a more circular shape, which may be favorable for inher-

ting a coherent relationship with the matrix as peak hardness was

eached after longer aging time compared to Alloy Zn. 

Applying a pre-aging treatment on the Cu-added alloys (espe-

ially Alloy Zn Cu0.5) peak hardness is shifted to much earlier ag-

ng times (9 hours instead of 9 days) upon aging in the second

igh-temperature stage similar to Alloy Zn. In contrast to the Cu-

ree alloy the peak hardness observed is significantly higher for

lloy Zn Cu0.5. This is attributed to the boosting effect of Cu on
 t  
PI-zone formation as explained above and results in a high num-

er density of GPI-zones in under-aged condition ( Fig. 8 b). The

lightly higher hardness after 3 hours of aging at 100 °C (double-

tep strategy) compared to aging at 125 °C (single-step strategy) is

ttributed preferred formation of solute aggregates at lower tem-

erature as discussed in Section 4.1 [42 , 45 , 62] . 

In peak-aged condition of double-step aging the number den-

ity of T-phase precipitates in Alloy Zn Cu0.5 ( Fig. 10 b) exceeds the

umber density of Alloy Zn ( Fig. 10 a) drastically, resulting from the

igher number of GPI-zones serving as nuclei at earlier stages. 

The absence of S-phase reflection spots in the corresponding

P, the slightly higher number density and the indications of

u-incorporation support the assumption of Cu-incorporation in

he T-phase which might also explain the stronger hardening of

hese precipitates compared to the non-Cu-containing T-phase af-

er single-step aging [42 , 43 , 45] . 

Similar to Alloy Zn the higher diffusivity of solutes in the high-

emperature aging stage promotes undesired precipitate growth

 Fig. 11 b) resulting in a deterioration of hardness. It is worth

mphasizing that precipitates with clear Cu-incorporations (red

ircles) do not coarsen as much as precipitates without Cu-

ncorporations (white circles) at this stage and a change of pre-

ipitate morphology with Cu addition is also evident (compare

ig. 11 a and b). Both observations require additional research and

on’t be discussed here in detail due to the limited scope of this

tudy but might be attributed to a decreased interfacial energy of

u-containing precipitates inhibiting Ostwald ripening to some ex-

ent [60] . 

.3. Effect of Ag on the aging response of Zn-and Cu-modified 

N AW-5182 

If Ag-doping is applied on all Zn-modified alloys indepen-

ently of the Cu-content, the hardening onset is shifted to earlier

ging times without affecting the hardening behavior (shape of

he curve) and the peak hardness is distinctively increased for
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single-step aging ( Fig. 1 ), reaching a maximum of 166 HBW for

Alloy Zn Cu0.5 Ag. Such peak aging generated a strength increase

of 326 MPa, leading to a yield strength of 469 MPa ( Fig. 12 ). 

The stimulating effect of Ag on the precipitation process ob-

served has been previously reported for other aluminum alloys and

has been found to depend strongly on alloy composition. While

additions of Ag in 7xxx-series alloys stimulate an existing precip-

itation sequence [29] , they introduce new precipitate species in

2xxx-series [28 , 74 , 75] or enable aging hardening in usually non-

heat treatable 5xxx-series alloys [76 , 77] . 

In the single-step, under-aged condition (3 h at 125 °C) a high

number density of GPI-zones is evident in the corresponding BF

image ( Fig. 4 c). The absence of extra reflection spots beside the

matrix spots (DP in Fig. 5 c) proofs that these precipitates have

not developed a distinct crystal structure even though an even

higher hardness increase was observed compared to that of Al-

loy Zn Cu0.5. We link the increased hardening to the higher num-

ber density of GPI-zones observed and their increased hardenabil-

ity, which is favored by the addition of Ag. Similar effects have

been reported in several studies of different alloy systems contain-

ing Mg [28 , 29 , 33 , 77–81 ] at early aging stages. According to first

principle calculations by Sato et al. [82] , Ag atoms exhibit an even

stronger attractive interaction energy with Mg atoms compared to

Cu and Zn atoms and, therefore, promote intensified clustering of

Mg, Zn, Cu and Ag. Recent DFT calculations [73] shown in the

Table 2 c) support these findings (Mg-Va/Ag, Ag-Va/Ag and Cu-

a/Ag have a significantly higher formation probability compared

to Ag-free clusters). 

As a result, Ag-additions promote a larger density of nuclei,

causing an increased hardening response. Because peak hardness

was not shifted to shorter aging times, Ag additions seem to have

no significant effect on the precipitation kinetics. 

For Alloy Zn Cu0.5 Ag the high level of hardness in peak-aged

( Fig. 6 c) and long-aged ( Fig. 7 c) condition after single-step aging

is caused by finely dispersed equiaxed T-phase or its precursors

in a number density greater than that of the non-Ag-doped Al-

loy Zn Cu0.5, with the S-phase absent. The suppression of the S-

phase may be related to the favored consumption of Cu atoms

by early-stage clusters if Ag is present (see Cu-Va/Ag clusters in

Table 2 c) but could not be confirmed with the applied experimen-

tal methods [42 , 43 , 45] . 

While in peak-aged condition Mg-Zn-Ag aggregates (green cir-

cles in Fig. 6 d) are present beside Mg-Zn aggregates (white circles

in Fig. 6 d) in Alloy Zn Cu0.5 Ag, additional aggregates of Mg, Zn,

Ag and Cu are evident in long-aged condition (orange circles in

Fig. 7 d). The hardening phase may be therefore described as Cu-

and Ag-incorporated T-phase [Mg 32 (Al,Zn,Cu,Ag) 49 ] as also found

by Suzuki et al. [34] and Vietz et al. [27] . Icosahedral quasi-crystals

[36] or Z-phase precipitates [81] were not observed in this study.

The lack of Cu-incorporation in peak-aged condition compared to

its presence in long-aged condition is attributed to the limited dif-

fusivity of Cu within the Al matrix compared to Ag at low temper-

atures and the significantly shorter aging time [71 , 83] . This sup-

ports the conclusion that T-phase composition is strongly linked to

aging condition. 

In under-aged condition of double-step aging a high number

density of small GPI-zones is evident in the corresponding BF im-

age ( Fig. 8 c) resulting from the combined effect of Cu and Ag on

GPI-zone formation as explained above. In addition to the favored

formation of precursors their increased binding energy might also

contribute to their increased strengthening ability [52 , 69] . 

Upon subsequent high-temperature aging some of these pre-

cursors, which have not grown to a sufficient size during pre-

aging, may initially dissolve (as indicated by the decline in hard-

ness) while those with over-critical size grow and develop their

full hardening potential [45] . 
The promoted GPI-zone formation by additions of Ag seems to

dd almost no extra benefit on peak hardness compared to Al-

oy Zn Cu0.5 if the current double-step aging treatment is applied.

he microstructure of Alloy Zn Cu0.5 Ag consists of a high num-

er of small, globular T-phase or it precursors (see DP in Fig. 10 c).

imilar to Alloy Zn Cu0.5 there are indications of Cu- and Ag-

ncorporations (white circles in Fig. 10 c) but a clear aggregation

ould not be observed at this stage which is attributed to the rel-

tively short aging time of 9 hours in the high-temperature aging

tage [71 , 83] . 

With subsequent high-temperature aging (16 days at 175 °C)

iffusivity of Cu and Ag is significantly enhanced and Cu-

ncorporated T-phase precipitates (red circles in Fig. 11 c) are

resent beside Cu- and Ag-containing T-phase (orange circles in

ig. 11 c). This observation and the absence of S-phase reflection

pots [42 , 43 , 45] in the corresponding DPs after peak- ( Fig. 10 c)

nd long-aging ( Fig. 11 c) additionally support the assumption that

u/Ag-containing T-precipitates [Mg 32 (Al,Zn,Cu,Ag) 49 ] are the ma-

or hardening contributors in this system [27 , 31 , 34] . Similar to Al-

oy Zn Cu0.5 ( Fig. 11 b) hardening precipitates in Alloy Zn Cu0.5 Ag

 Fig. 11 c) have coarsened to a distinctively smaller extent com-

ared to precipitates in Alloy Zn ( Fig. 11 a). The inhibiting effect

f Cu on undesired precipitate growth (as already mentioned in

ection 4.2 ) seems to be intensified if Ag is present. Even though

he mechanism behind this observation is not clear at the moment,

imited precipitate growth has been previously reported in several

g-containing aluminum alloys [29 , 84–86 ]. 

.4. Mechanical properties 

To evaluate its potential for a commercial manufacturing pro-

ess Alloy Zn Cu0.5 Ag was tensile tested in soft (condition A in

ig. 12 ) and peak-aged (condition C in Fig. 12 ) condition. Even

hough the alloy content is significantly greater than that of a com-

ercial EN AW-5182, its formability in terms of uniform elonga-

ions has not deteriorated and strain hardening behavior is even

ncreased in soft temper. This effect may be caused by the in-

reased content of solutes in solid solution, as reported by Dorn

t al. [87] . Interestingly, significant work hardening potential can

till be found in the peak-aged state, leading from a yield strength

f 469 MPa towards an ultimate tensile strength of 550 MPa and,

herefore, reaching the area of commercial 7xxx-series alloys [88] .

e assume that this is caused by remaining Mg in solid solution

4] , which was not consumed by precipitate formation. 

The PLC effect is also suppressed (partly in soft and fully in

eak aged condition). This is assumed to result from initial clus-

ering of Zn, Cu and Ag with Mg atoms upon quenching from so-

ution heat, leading to a depletion of Mg in the matrix as reported

y Ebenberger et al. [15 , 56] . 

. Conclusions 

This study investigated the effect of Cu and Ag additions on

he aging behavior of Zn-modified AlMg alloys. The results can be

ummarized as follows: 

• Adding Zn to a commercial EN AW-5182 alloy generates distinct

age hardening potential by enabling the precipitation of lath-

like T-Mg 32 (Al,Zn) 49 and its precursors. Applying a double-step

artificial aging treatment shifts the peak hardness to earlier ag-

ing times compared to single-step aging. 

• Adding Cu to the Zn-modified AlMg alloy affects the peak hard-

ness, which is primarily caused by equiaxed T-phase, only mi-

nor during single-step aging but shifts the hardness increase to

earlier times by changing the hardening behavior in the direc-

tion of a steadier increase immediately after the beginning of
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aging, which was found to result from a stimulating effect of

Cu on GPI-zone formation. If low-temperature pre-aging is ap-

plied peak hardness in the high-temperature stage is shifted

to earlier aging times and is significantly enhanced: This was

caused by enhanced formation of GPI-zones during pre-aging,

facilitating a higher density of hardening precipitates and ulti-

mately leading to a higher hardness compared to the non-Cu-

containing alloy. 

• Doping with Ag shifts the hardening onset to even earlier

single-step aging times by intensified formation of GPI-zones

in high number density. Upon subsequent aging peak hardness

results from finely dispersed T-phase precipitates in high num-

ber density inherited from early stage precursors. Pre-aging of

Ag-doped alloys was found to be more beneficial for non-Cu-

containing alloys because a significant number of GPI-zones

is already present after the first aging step in Cu-containing

alloys. Nevertheless, the time required for peak hardness is

reached at significantly shorter total aging times. 

• Tensile testing of the Zn-modified AlMg alloy containing both

Cu and Ag indicates beneficial stretch-formability in soft tem-

per (reduced stretcher straining, good uniform elongation, high

work hardening) and high strength in peak-aged condition due

to hardening by T-phase or its precursors. 

According to the findings presented, AlMg alloys modified with

n, Cu and Ag offer great potential for application in the transport

ector, also via the use of a single-alloy concept. 
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