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Abstract Since its discovery, aluminium alloys have

played a significant role in several sectors of industrial

developments. The combination of high strength and low

density has made these alloys attractive and played a cru-

cial role in the automotive and aerospace industry. How-

ever, newer developments have brought exciting

possibilities in high temperature and high-temperature

alloy developments in the last few years. One of them is the

addition of coherent, ordered precipitates of nanometric

sizes. These precipitates also promote hierarchical struc-

tures and resistance to microstructure coarsening. It is also

increasingly realised that controlled segregation at the

precipitate/matrix interface can control and improve room

and high-temperature properties. This article focuses on

these developments that are expected to open up new

possibilities and applications in the automotive and energy

sectors.

Keywords Aluminium alloys � L12-ordered precipitates �
Coherent interfaces � Segregation �
High-temperature strength

1 Introduction

The research on the physical metallurgy of structural

materials in India has been greatly influenced by Dr

Srikumar Banerjee through his work that inspired genera-

tions of younger scientists and his role in mentoring them.

The senior author of this article is particularly benefitted,

and it is a pleasure to dedicate this article to his memory.

Since the accidental discovery of the age hardening of

Al–Cu alloys at the beginning of the last century, there

have been newer developments periodically that kept the

interests alive in aluminium alloy. The crucial role it plays

in the automotive and aerospace industry is also due to the

continuous improvements of these alloys. For example, the

last three years witnessed an explosion of papers dealing

with newer high-temperature capabilities of aluminium

alloys. These developments have often relied on newer

architectures utilising ordered precipitates and segregation

of alloying elements at the precipitate–matrix interfaces.

The review attempts to outline these newer developments

in the context of structural applications. The various

strengthening precipitates in aluminium alloys highlighted

in this review is given in Table 1.

2 Strengthening Due to Ordered Precipitates

Aluminium–Copper (Al–Cu) alloys are among the well-

known age-hardening alloys widely used in aircraft and

automobiles. The high number density of nanometre-sized

metastable phases (h00/h0 precipitates) offer promising

strength at temperatures above 150 �C [17]. The solvus of

these metastable phases determine the domain available for

the alloy design [18]. For age-hardening, the Al–Cu alloys

with Cu content 0.5–2.5 at% were first homogenised near

eutectic temperature (popularly known as solution treat-

ment or solutionising), followed by water quenching, and

finally, natural or artificial ageing (150–200 �C). The

solution treatment was carried out above the solvus line to

allow the solute atom to dissolve into the Al matrix

resulting in a single-phase known as the a-Al phase. The
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quenching in water helps to retain the single phase and is

termed as the supersaturated solid solution (a-AlSS). The
solid solution is further decomposed into various

metastable phases through heat treatments at various tem-

peratures. These are designated as GP zones, h‘‘ and h’.
The precipitation sequence is rather complex, depending

upon the ageing temperature and the degree of solute

supersaturation. The hierarchy of the precipitation

sequence in copper-containing alloys is:

a� AlSS ! GP zones ! h00 Al3Cuð Þ ! h0ðAl2CuÞ
! h Al2Cu equilibrium phaseð Þ

With the recent advancements in the characterisation

techniques like high-resolution transmission electron

microscopy and atom probe tomography, the precipitate

structure can be resolved [18]. The precipitation usually

starts with the formation of Guinier–Preston (GP) zones.

These are monolayers of Cu atoms on the {100} plane of

Al lattice, forming disc-shaped precipitates [19, 20]. h‘‘
phase forms at higher ageing temperature (130–170 �C).
An accepted structural model for h’’ that was proposed by

Gerold consists of the ordered stacking of Cu layer

separated by three Al layers with the stoichiometry

Al3Cu, Fig. 1a [1]. The metastable h’ phase is the main

strengthening phase with stoichiometry Al2Cu, has a body-

centred tetragonal structure with space group I4/mmm and

lattice parameters of a = b = 4.04 Å and c = 5.80 Å [2].

Figure 1b shows the h’ plate in the a-Al matrix [21]. The

plate-like h’ phase has three variants, and the orientational

relationship with respect to Al matrix can be expressed as:

(001)h’||(001)Al, [100]h’||[100]Al; (010)h’||(010)Al,

[100]h’||[100]Al and (100)h’||(100)Al, [010]h’||[010]Al [22].

The h’ plates exhibit a high aspect ratio with a large

anisotropy in the interfacial energy and elastic strain

energy between coherent and semi-coherent interfaces

[22]. The broad face is coherent with the matrix possessing

a smaller interfacial energy value than the semi-coherent

interface. The precipitation sequence terminates with the

transformation of the h’ phase to the equilibrium h phase,

having a tetragonal C16 crystal structure and is incoherent

with the Al matrix.

Table 1 Summary of precipitate shape, space group and lattice parameters of various phases formed in Al–Cu, Al–TM (TM = Sc or Zr), Al–

Mg–Si, Al–Cu–Mg–Si and Al–Zn–Mg–Cu alloys

Phase Shape Space group Lattice parameters References

Al–Cu alloys

h‘‘ Plate P4/mmm a = b = 4.04 Å, c = 7.68 Å [1]

h’ Plate I4/mmm a = b = 4.04 Å, c = 5.80 Å [2]

h Irregular I4/mcm a = b = 6.06 Å, c = 4.87 Å [2]

Al–TM alloys (TM = Sc or Zr)

Al3Sc Spherical Pm-3 m a = 4.103 Å [3]

Al3Zr Spherical Pm-3 m a = 4.08 Å [4]

Al–Mg–Si alloys

b’’ Needle C2/m a = 15.16 Å, b = 4.05 Å, c = 6.74 Å and b = 105.3� [5]

b’ Rod P63/m a = 7.15 Å, c = 12.15 Å, c = 120� [6]

U1 Needle P3m1 a = b = 4.05 Å, c = 6.74 Å, c = 120� [7]

U2 Needle Pnma a = 6.75 Å, b = 4.05 Å, b = 7.94 Å [8]

B’ Lath P6 a = b = 10.4 Å, c = 4.05 Å, c = 120� [9]

b Needle Fm3m a = 6.39 Å [6]

Al–Cu–Mg–Si alloys

L Needle – a = 8.0 Å, c = 7.0 Å [10]

S – P-6m2 a = b = 7.0 Å, c = 4.05 Å [11]

C Plate P21/m a = 10.32 Å, b = 8.1 Å, c = 4.05 Å, c = 101� [11]

QP Needle Hexagonal a = b = 3.93 Å, c = 4.05 Å [12]

QC Needle P62m a = b = 6.7 Å, c = 4.05 Å [12]

Q’ Lath P6 a = 10.3 Å, c = 4.05 Å, c = 120� [13]

Q Lath P6 a = 10.4 Å, c = 4.01 Å, c = 120� [14]

Al–Zn–Mg–Cu alloys

g’ Plate P-6m2 a = 4.96 Å and c = 14.02 Å [15]

g Disc P63/mmc a = 5.22 Å and c = 8.57 Å [16]
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The addition of transition elements (Sc, Zr, Nb, V, Hf)

to aluminium shows potential for forming ordered precip-

itates in the Al matrix. The high supersaturation of these

elements during the casting process (rapid solidification or

conventional) results in the decomposition of the super-

saturated solution leading to the precipitation of the L12-

ordered phase. Scandium forms a stable Al3Sc phase. It has

a cubic lattice structure of Cu3Au type with lattice

parameter a = 4.10 Å and space group Pm-3 m [3]. All

other transition elements result in the metastable L12-

ordered phase. These L12-ordered precipitates in the dilute

aluminium alloys have better thermal stability at elevated

temperatures (200–450 �C) than existing commercial 2xxx

series Al alloys. However, these dilute Al alloys lack

strength at room temperature and elevated temperature.

The strengthening effect due to the formation of these

coherent precipitates in the a-Al matrix can be quantified

based on the precipitate size and the volume fraction. The

moving dislocations will shear the particles smaller than a

critical radius. At large sizes, the dislocations bow around

the precipitate. The shear stress required for a dislocation

to loop around the precipitate was first described by Oro-

wan and can be calculated theoretically by equation

[23, 24]:

Drorowan ¼
MGb

2p
ffiffiffiffiffiffiffiffiffiffiffi

1� m
p � 1

k
� ln pd

4b
ð1Þ

k ¼ d
ffiffiffi

f
p

þ 0:90f þ 2:25 fð Þ3=2
ð2Þ

where M is the Taylor factor (3.06) for the FCC Al matrix,

GAl is shear modulus (* 28 GPa), b is Burgers vector

(* 0.286 nm), m is Poisson’s ratio (* 0.34) of the a-Al
matrix, f is the volume fraction of the precipitates in the a-
Al matrix, d is the average particle diameter, and k is the

inter-particle spacing after heat treatment.

For the same precipitate size, a higher volume fraction

of precipitates in the a-Al matrix resulted in a higher

strength increment, as shown in Fig. 2. However, the

limited solubility of transition elements at equilibrium

resulted in a lower volume fraction of the strengthening

phase (L12-ordered precipitates) in the a-Al matrix. The

maximum solubility of Sc in a-Al is 0.23 at%, and Zr is

0.083 at%, which is much lower than Cu (2.45 at%) and Si

(1.65 at%) [4]. Therefore, the strength contribution from

the L12 precipitates is not significant compared to the other

strengthening phases formed in the existing commercial

alloys. Table 2 compares the 0.2% proof stress reported for

dilute Al alloys with existing commercial 2xxx series

alloys. The strengthening contributions in 2xxx series

alloys were attributed to the shear resistant Cu-rich h’’ and
h’ plates in the a-Al matrix formed during ageing between

150 and 200 �C.
The addition of Sc to Al–Cu alloys has attracted wide

attention due to the possibility of coexistence of both L12-

ordered Al3Sc precipitates and h’-Al2Cu strengthening

Fig. 1 High-resolution HAADF-STEM micrographs of a h‘‘ plate, and b h’ plate [21]

Fig. 2 Orowan stress as a function of average precipitate diameter for

the various volume fraction of strengthening L12 phase [21]
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phases in the a-Al matrix [30–34]. However, the increase

in Sc concentration in Al-2 at% Cu alloy has an adverse

effect on the solubility of Cu in the a-Al matrix. In con-

trast, Cu has a limited effect on Sc solubility. The ageing at

higher temperatures ([ 260 �C) forms W-phase (Al8-x-
Cu

4?x
Sc) and is considered detrimental for tensile properties

[35, 36]. The Al3Sc precipitates are formed during ageing

between 200 and 400 �C, whereas h’ plates nucleate below
200 �C.

In the past few years, considerable attention has been

given to designing heat treatments to take advantage of

Al3Sc and Al2Cu (h’) phases in Al–Cu–Sc alloys with

improved thermal stability and high-temperature perfor-

mance. Segregation of transition elements in the dendritic

interiors is generally observed during conventional casting.

Alloys are typically held at higher temperatures to achieve

homogenisation. Often, the initial ageing was conducted

directly on as-cast Al–Sc–Cu-based alloys to form L12-

ordered Al3Sc precipitates in the a-Al matrix. The forma-

tion of Al3Sc precipitates in the a-Al matrix further helps in

the nucleation of h’’/h’ plates [34]. The orientation rela-

tionship between Al3Sc precipitates and h’ plates was

found to be (001)h’ ||{001}Al3Sc, [100]h’ ||\ 100[Al3Sc,

whereas the orientation relationship between h’ plates and
Al matrix remained unchanged. Chen et al. showed the

heterogeneous precipitation of h’ plates at the {100} plane

of Al3Sc precipitates and the formation of an enclosed

group [32]. The existence of L12-ordered precipitates

suppresses the homogeneous nucleation of h’ plates and

promotes heterogeneous nucleation, leading to enhanced

number density and higher volume fraction of h’ plates.

Further, the growth rate of heterogeneously nucleated h’
plates was reported to be two times lower than homoge-

neously nucleated plates [32]. The precipitation kinetics of

h‘‘ and h’ plates were enhanced in Sc-containing Al–Cu

alloys compared to the binary alloys [37, 38]. Yang et al.

reported * 40% reduction in h’ plate length and * 80%

increment in the number density of h’ plates after 0.18 at%

Sc addition to Al-1.08 at% Cu alloy and aged at 250 �C for

8 h [37]. Few reports emphasised a two-step ageing pro-

cess in Al–Cu–Sc based alloys modified with Zr, V, and Ti.

It results in forming coarsening resistant Al3Sc precipitates

by allowing the segregation of low diffusing transition

elements (Zr, V or Ti) at the Al3Sc precipitate/matrix

interface during ageing at higher temperatures [39–41].

The addition of Zr to Al–Cu–Sc alloys was reported to

enhance the high-temperature performance of the alloys

[42–45]. Dorin et al. systematically studied the addition of

Sc and Zr to Al-2 at% Cu alloy [44]. They demonstrated

that adding 0.06 at % Sc or 0.03 at% Zr to Al–Cu alloys

improves room temperature yield strength by * 50 MPa

after ageing at 160 �C for 10 h compared to the binary

alloy. The combined addition of Sc and Zr results in *
150 MPa increment in the yield strength due to the

refinement of h’ plates attributing to the presence of ther-

mally stable core–shell Al3(Sc, Zr) precipitates in the a-Al
matrix [43, 44].

Mondol et al. attempted to modify 2219 commercial

alloys by alloying with 0.8 wt% Sc and 0.45 wt% Mg.

They reported the precipitation of Al3Sc and Al3(Sc, Zr)

core–shell precipitates in the Al matrix during suction

casting using water-chilled copper mould [46]. The ordered

precipitates with less than 14 nm diameter were Al3Sc

type, and those above 15 nm had Al3(Sc, Zr)-type stoi-

chiometry. Figure 3a shows the TEM EDS analysis of

core–shell Al3(Sc, Zr) precipitate formed in the Al matrix.

The 3D-APT map of L12-order precipitates is shown in

Fig. 3b. The formation of fine, coherent L12-ordered pre-

cipitates improves yield strength by 37% without harming

ductility. The microhardness curve depicts the modified

2219ScMg alloy stable at 200 �C for 1000 h. Later, the

authors documented 32% and 42% improvement in yield

strength of commercial 2219 alloys at room temperature

and 250 �C, respectively, with the combined addition of

Table 2 Heat treatment route, strengthening phase, and yield strength (0.2% proof stress) of dilute Al alloys, commercial 2219 and 2024 alloys

Alloys (at%) Heat treatment route Strengthening phase Yield strength (MPa) References

Solution treatment Ageing

Al-0.24Sc 600 �C/72 h 340 �C/20 h Al3Sc 147 ± 10 [25]

Al-0.06Zr 460 �C/12 h cold rolled 350 �C/1 h Al3Zr 141 [26]

Al-0.24Sc-0.2Zr 600 �C/72 h 340 �C/20 h Al3(Sc, Zr) 176 ± 6 [25]

Al-0.02Er 460 �C/12 h cold rolled 350 �C/1 h Al3Er 144 [26]

Al-0.06Zr-0.02Er 460 �C/12 h cold rolled 350 �C/1 h Al3(Zr, Er) 162 [26]

Al-2Cu 535 �C 190 �C/5 h h‘‘/h’ plates 265 ± 16 [27]

2219-T851 535 �C 190 �C/18 h h’’/h’ plates 352 ± 18 [28]

2024-T3 500 �C/1 h 180 �C/10 h h‘‘/h’ plates 350 [29]
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0.15 at% Sc and 0.15 at% Zr [47]. Figure 4a, b displays the

formation of plate precipitates along with Al3(Sc, Zr)

spherical precipitates in the Al matrix in Sc-, Zr-modified

2219 commercial alloys. The high-resolution HAADF-

STEM image in Fig. 4c, d indicates that the Al3(Sc, Zr)

precipitates are coherent with the matrix, and both h’’ and
h’ plates are nucleated on ordered precipitates. Further, the

interfacial segregation of Zr along with Sc aids in stabil-

ising h’ plates against coarsening at elevated temperatures

(300 �C) [45]. The presence of low diffusing elements like

Sc or Zr (DSc = 19.0 9 10–20 and DZr = 1.14 9 10–20 m2/

s-1 at 300 �C in the a-Al matrix) at the interface of plates

acts as a kinetic barrier due to Zener-drag effect. Thus, the

addition of transition elements is thermodynamically and

kinetically favourable to increase the coarsening resistance

of h’ plates and enhance the high-temperature performance

of the alloys.

The minor addition of Nb (* 0.10 at%) promotes

continuous precipitation of the Al3Zr phase [27]. The for-

mation of L12-ordered Al3Zr precipitates improves the

yield strength of Al–Cu–Nb–Zr alloy compared to the

binary Al–Cu alloy [27]. After three-step heat treatment,

the reported room temperature yield strength was

460 ± 18 MPa for Al–Cu–Nb–Zr alloy. However,

around * 50% drop in ductility was observed. The com-

posite microstructure, as shown in Fig. 5a–c, enhances the

high-temperature (250 �C) yield strength of the alloy

(250 ± 16 MPa at 250 �C) due to the slower growth

kinetics of the h’ plates.
Mondol et al. extended this approach to commercial

2219 alloys. They reported * 57 MPa and * 35 MPa

enhancement in yield strength at room temperature and

200 �C, respectively, with the addition of Zr and Nb [28].

The microstructure of peak-aged 2219NbZr alloy is shown

Fig. 3 2219ScMg alloys. a EDS analysis of core–shell Al3(Sc, Zr) precipitates formed in Al matrix during suction casting. Inset shows the core–

shell precipitate, b 3D-APT reconstruction map with Sc-0.55% iso-concentration surface, c and d Proxigram of Al, Sc, Mg, Zr and Cu across the

interface [46]
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Fig. 4 2219ScZr alloys.

a Bright-field b Dark-field TEM

image showing the h’ plates and
Al3(Sc,Zr) precipitates formed

in the Al matrix after ageing at

200 �C-10 h. The prior ageing

treatment was 375 �C-40 h and

535 �C-30 min. High-resolution

HAADF-STEM image along

[001]Al zone axis showing

heterogeneous nucleation of

c h‘‘ plates, and d h’ plate on

pre-existing Al3(Sc, Zr)

precipitates [47]

Fig. 5 a, d HAADF-STEM

image, and b, e high-resolution

micrograph along [001] zone

axis showing heterogeneous

nucleation of plate precipitates

on pre-existing spherical Al3Zr

precipitate in Al–Cu–Nb–Zr

alloys after ageing at 190 �C for

5 h [27] and in 2219NbZr after

ageing at 200 �C for 10 h [28],

respectively. c 3D-APT

reconstruction map showing

heterogeneous nucleation of the

plates on spherical Al3Zr

precipitate in Al–Cu–Nb–Zr

alloy [27]
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in Fig. 5d–e, evidencing the heterogeneous nucleation of

h’’ and h’ plates on pre-existing Al3Zr precipitates. An

increment of * 56 MPa in room temperature yield

strength was recently reported by adding 0.08 at% of Zr to

Al-1.3 at% Cu alloy and following a complex heat treat-

ment route [48]. Further, the combined addition of 0.04

at% Er and 0.08 at% Zr resulted in * 88 MPa of strength

increment.

Another class of heat-treatable Al alloys is 6xxx series

alloys (Al–Mg–Si), which are used in the cast, wrought,

and extruded forms. These alloys are attractive for auto-

motive and aircraft industries due to their excellent cor-

rosion resistance, weldability and superior surface

properties. The strength of these alloys can significantly be

enhanced through precipitation of a high number density of

nanometer-sized metastable phases during artificial ageing.

The precipitation sequence in such alloys is:

SSSS ! atomic clusters ðMg or SiÞ ! GPZ ! b00 ! b0;

U1 U2; B0 ! b ðstable; Mg2Si; plate�
shaped), Si:

b‘‘ is a fine needle-shaped metastable Mg5Si6 phase,

aligned along [100] direction of Al matrix [5]. The

proposed crystal structure for b’’ is monoclinic (space

group: C2/m) with a = 15.16 Å, b = 4.05 Å, c = 6.74 Å

and b = 105.3�. b’ precipitates formed in precipitation

sequence after b‘‘. They are rod-shaped Mg9Si5 phase,

aligned along [100] direction of Al matrix, with the

hexagonal crystal structure (space group: P63/m) and

lattice parameters: a = 7.15 Å, c = 12.15 Å, c = 120� [6].
The U1, U2 and B’ phases are also known as Type-A,

Type-B and Type-C, respectively, and mostly appear on

over-ageing [7–9]. The U1 and U2 are needle-shaped and

B’ is lath shaped. U1 or Type-A are trigonal crystal

structure (space group: P3ml) with lattice parameters:

a = b = 4.05 Å, c = 6.74 Å, c = 120�, U2 or Type-B are

orthorhombic (space group: Pnma) with lattice parameters:

a = 6.75 Å, b = 4.05 Å, b = 7.94 Å and B’ is hexagonal

(space group: P6) with lattice parameters: a = b = 10.4 Å,

c = 4.05 Å, c = 120�. The equilibrium b-Mg2Si phase is a

stable phase having a cubic crystal structure (space group:

Fm3m) with a = 6.39 Å [6]. The equilibrium b-Mg2Si

phase does not significantly strengthen the Al matrix

compared to the intermediate metastable phases.

The strength of 6xxx alloys directly depends on the

metastable precipitates. Therefore, many attempts have

been made to improve the precipitation kinetics by heat

treatment and/or alloying additions. The pre-ageing of

AA6111 alloy is an effective way to modify the mechanical

properties of the alloys by avoiding the determinantal

effects of natural ageing [49]. Pre-ageing also enhances the

artificial ageing kinetics during the early ageing period

[50]. Another method to modify the precipitation sequence

is by interrupting quenching [51]. The Al–Mg–Si alloy was

treated at 570 �C, and then quenched in a pre-heated bath

at a temperature range of 150–250 �C, followed by water

quenching at room temperature. The alloys were then

artificial aged at 170 �C. The authors reported the

enhanced precipitation of the b’’ metastable phase due to

increased quenched-in vacancies. Though the heat treat-

ment modifications like pre-ageing, intermediate quench-

ing, etc., suppress the determinantal effects of natural

ageing, the alloying addition with Ge [52, 53], Cu

[10, 11, 54, 55], Cd [56], Ag [57–59], Zn [60], Li [52], Sc

and Zr has recently attracted attention due to the acceler-

ated ageing response and significant improvement in

strength. The enhanced ageing response is related to the

modification in the precipitation sequence by the alloying

additions. Due to similar electronic properties, Ge was

reported to replace Si atoms in the b‘‘ phase [53], while Li
was reported to substitute Mg sites in the b’’ structure [52].
Cd forms Cd-rich precipitates in the early stage of artificial

ageing and acts as nucleation sites for needle-shaped b‘‘
precipitates that lead to the observed Q’/C type triangular

sub-units in the matrix [56]. HAADF-STEM further reveals

that Cd-atoms incorporated into b’’ precipitates leads to a

disordered structure. The addition of Ag to high Al–Cu–

Mg alloys with a high Cu/Mg ratio results in the formation

of a thermally stable coherent X phase along {111}Al habit

plane [61]. Ag has also been found to segregate at pre-

cipitate/matrix interface [58, 59, 62]. However, the addi-

tion of Cu results in the suppression of the b‘‘ phase and

promotes several new metastable phases. The precipitation

sequence in Al–Cu–Mg–Si as reported in the literature is

[10, 12, 59]:

SSSS ! Atomic clusters ! GPZ ! b00; L=S=C; QP; QC
! b0; Q0 ! Q; Si

Recently, Sunde et al. studied the effect of Cu on

various intermediate precipitates in Al–Mg–Si alloys. A

detailed study was presented on the correlation between

microstructure and mechanical strength [63]. The authors

reported that the high Cu content alloy shows higher yield

strength (0.2% proof stress: 406 MPa) due to the presence

of fine and dense lath-type L precipitates along with few

intermediate metastable phases like b’’, b’ and Q’. Further,

these precipitates have been found to coarsen slowly in

high Cu-containing alloys. High Cu and high Mg content

promote enhanced precipitation and hardening ability,

making them suitable for automotive body panel

applications. Atom probe tomography measurements and

first-principal calculations demonstrate that the presence of

interstitial Cu atoms stabilises the B’ variant formed in Cu-
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containing Al–Mg–Si alloys for longer ageing time

compared to b’ phase formed in Cu-free Al–Mg–Si alloys.

Unlike Al–Cu alloys, the effect of transition elements

like Sc or Zr has not been much explored in 6xxx series

alloys. Within the limited reports, the Sc additions to Al–

Mg–Si alloys show both positive and negative effects on

the mechanical properties of the base alloy [64–66]. The

addition of Sc and Si reduces the room temperature solu-

bility of both elements resulting in the formation of the

AlSc2Si2 phase. The strong interaction of Sc with Si neg-

atively affects strength, which could be rectified by

designing a suitable heat treatment or thermo-mechanical

processing route. On the other hand, trace additions of Si

with Sc have been found to improve the precipitation

kinetics of the Al3Sc phase, where Si has been found to

substitute Al. The addition of Sc to commercial 6061 alloys

have resulted in a slow hardening response and lowered

overall strength [65]. However, the hardness gets stabilised

at a longer ageing time, attributed to L12-Al3Sc-ordered

nanoprecipitates. The Sc addition to Al–Mg–Si alloy, on

ageing at 180 �C, leads to the formation of disordered b‘‘
precipitates. These disordered precipitates evolve to b’/B’/
U2 sub-units that further lead to the formation of b’’/b’/B’/
U2 composite precipitates during over-ageing that

improves thermal stability of the Sc-added Al–Mg–Si

alloys.

However, the addition of Zr and Sc seems to be an

effective way to enhance the strength of the base alloy by

adequate precipitation of ordered precipitates (L12-Al3(Sc,

Zr)) with modifications in the heat treatment route and

processing conditions. Few reports suggest a slower ageing

response with these additions. However, the thermal sta-

bility of microstructure due to the presence of ordered

precipitates cannot be neglected [64, 66]. For instance, the

addition of Sc and Zr to 6061 alloy shows a slower ageing

response at 190 �C, resulting in lower yield strength of

321 MPa (aged for 5 h) than base 6061 alloys (350 MPa)

[64]. On prolonged ageing (36 h), a significant drop

(* 19%) in the yield strength of 6061 alloys was reported

compared to only a * 6% drop in ScZr-modified 6061

alloys. Rokhlin et al. observed a positive effect of Sc and

Zr addition to Al–Mg–Si alloys and reported an increase in

the strength without compromising ductility [67]. Design-

ing an appropriate heat treatment is required to take

advantage of Sc- and Zr-based ordered precipitates.

Dobrzynska et al. studied the effect of casting parameters

(solidification rates) on the processing of the Al-1%Mg-

0.6%Si (wt%) with Sc/Zr [68]. Rapid solidification during

melt spinning results in high supersaturation of Sc and Zr.

On annealing between 400 and 540 �C, the spherical and

coherent Al3Zr or Al3(Sc, Zr) precipitates have been

reported. The chilled copper mould cast alloys show a

significant refinement in grain size due to the formation of

primary Al3(Sc, Zr) particles in the matrix. These alloys

were subjected to a non-standard heat treatment schedule

by introducing an additional annealing step at 300–350 �C
[69]. The pre-annealing results in the formation of Al3(Sc,

Zr) precipitates in the matrix, which grows during

annealing at 540 �C. This step results in the complete

dissolution of Mg2Si particles into the Al matrix. Final

ageing at 165 �C leads to needle-shaped Q’ phases that

coexist with Al3(Sc, Zr)-ordered precipitates. A similar

heat treatment route was applied to Al–Cu–Mg–Si alloys

modified with Sc and/or Zr. Discontinuous precipitation of

the L12-ordered Al3Sc phase with coexisting continuous

precipitation could be observed in Sc-containing Al–Cu–

Mg–Si alloys. The Al3Sc precipitates coarsen rapidly dur-

ing annealing at 540 �C, resulting in the coherency loss.

The addition of Zr promotes the continuous precipitation of

the Al3Sc phase. However, it also slows down the growth

of ordered precipitates. In the Zr-modified Al–Mg–Si

alloys, instead of water quenching from 535 �C, quenching
to 100 �C before water quenching proves to be an effective

way to enhance the strengthening effect by promoting b‘‘
phase in the microstructure [70]. Babaniaris et al. further

modified the heat treatment route and reported a 60 MPa

increase in yield strength in Sc–Zr-modified Al–Mg–Si

alloys over the base alloys [71]. The heat treatment route

adopted was solution treatment at 575 �C for 5 h followed

by water quenching, subsequently aged at 300 �C for 3 h

followed by ageing at 450 �C for 3 h and finally aged for a

short period at 500 �C. The complex heat treatment route

results in the formation of Al3(Sc, Zr) core–shell precipi-

tates in the matrix, which at later stages provides nucle-

ation sites for MgSi precipitates.

The other important class of heat-treatable alloys is 7xxx

series AlZnMgCu-based alloys. These alloys are critical for

aerospace and transportation industries due to their high

strength among commercial Al alloys [72]. The strength-

ening, in this case, occurs from the fine dispersion of the

MgZn2 phase during artificial ageing [73, 74]. The pre-

cipitation sequence in the 7xxx series is:

SSSS ! GPZ ! g0 ðmetastable phase; MgZn2Þ
! g ðequilibrium phase; MgZn2Þ

This class of alloys after solution heat treatment

decomposes to yield two kinds of G.P.Zones; the GPZ-I

and GPZ-II, where GPZ-I are Mg-rich clusters on the

{100} Al plane and GPZ-II are Zn-rich clusters on {111}

Al plane [16, 75, 76]. Sha et al. observed the appearance of

GPZ-I during the early stages of precipitation (\ 30 min of

ageing at 121 �C) with Zn/Mg ratio * 0.9 in 7050 alloys

[75]. Buha et al. observed the formation of GPZ-II in 7050

alloys [76]. The appearance of GPZ-II depends on the

vacancy supersaturation and is more stable than GPZ-I. It

exhibits a plate-like morphology and can transform to g’
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phase. The metastable g’ phase is MgZn2, space group

P-6m2, with lattice parameters: a = 4.96 Å and

c = 14.02 Å [15]. The equilibrium g phase appears on

over-ageing having space group P63/mmc with lattice

parameters: a = 5.22 Å and c = 8.57 Å [16].

Conventionally, the optimisation of the Zn/Mg ratio can

significantly improve the strength of the alloys. Liu et al.

reported that the Zn/Mg ratio increases the number density

and volume fraction of metastable nanoprecipitates [77].

High Zn content can remarkably improve the strength of

the alloys and gives excellent wear properties [78]. How-

ever, high Zn content produces unavoidable casting defects

such as macro-segregation, cracking and grain coarsening.

Therefore, the Zn concentration in traditional commercial

alloys is limited to 10 wt%. Meng et al. reported a rapidly

solidified alloy with Zn content close to 27 wt% using melt

spinning and extrusion [79]. The alloy, however, shows

poor ductility of * 2.8% with a medium yield strength of

466 MPa. The Zn particles, which remained undissolved in

the matrix, promote defects that harm the ductility of

alloys. Recently, the same group reported an increase in the

yield strength to 678.8 MPa with appreciable ductility

(9.1%) by reducing the Zn content down to 13.2 wt% along

with a small amount of Zr (0.2 wt%) [80]. The high

strength of the alloys was due to the precipitation of the

high-density g’ phase during ageing. Won et al. reported a

significant improvement in the tensile properties by opti-

mising Mg and Cu concentration [81]. Compared to 7056

alloys, a 21% increase in yield strength (though at the cost

of ductility) was reported with an increase in Mg and Cu

concentration from 1.8 to 3 wt% [16]. The increase in

solute concentration results in the nanoscopic structural

distortions leading to high strength.

Microalloying with Ti [82], V [83], Sc [84], Zr [85–88]

or Sc ? Zr [89–97] shows great potential in developing

high strength 7xxx series alloys. High supersaturation of Sc

or Zr results in the formation of Al3Sc or Al3Zr or Al3(Sc,

Zr) metastable coherent precipitates, which imparts addi-

tional strength to the alloys. These dispersoids pin dislo-

cations and inhibit the dynamic recrystallisation and

recovery during hot deformation or extrusion [85, 87]. Shi

et al. reported an increase in activation energy for hot

deformation from 229.4 to 255.2 kJ/mol with the addition

of 0.19 wt% Zr to 7150 alloy due to inhibition of dislo-

cation motion by Al3Zr dispersoids [85]. Adding V

(* 0.11–0.19 wt%) to 7150 alloys inhibits dynamic

recrystallisation by forming Al21V2 dispersoids [83].

However, the maximum increase in the activation energy

for hot deformation was observed with low V content

(* 0.03–0.05 wt%), where vanadium solute diffusion was

considered the deformation rate-controlling step. Sc addi-

tion to Al–Zn–Mg–Cu alloy results in the optimum com-

bination of yield strength (* 373.3 Mpa) and elongation

(* 10.6%) after extrusion at 350 �C due to the formation

of Al3Sc dispersoids in the matrix [84]. The formation of

nanometer-sized Al3Sc precipitates contributes 144 Mpa to

the total strength. The chemical driving force to obtain the

desired volume fraction of these fine coherent dispersoids

in the matrix depends upon the supersaturation of these

elements. The supersaturation can be obtained by direct

chill casting techniques.

Further, optimisation of heat treatment is required to

control the kinetics and the growth of these precipitates,

which directly impacts the tensile properties of the alloys.

Guo et al. observed an additional homogenisation step at

300 �C that significantly increases the recrystallisation

resistance in 7150 alloys modified with Zr. The dispersion

of Al3Zr in the Al matrix has led to the reduction in the

precipitate free zone. This prevents partial anodic reaction

by decreasing the electrochemical differences between

grain and grain boundaries, improving the resistance

against stress corrosion cracking, intergranular corrosion,

and exfoliation corrosion [92]. Recent research shows that

the combined addition of Sc and Zr results in better

mechanical properties than base alloys. Senkov et al.

reported an increase in yield strength by 75–118 MPa,

15–22% of total yield strength with 0.114 at% Sc and 0.056

at% Zr additions to Al–Zn–Mg–Cu alloys after solution-

ising at 460–480 �C [90]. A maximum volume fraction

of * 46 9 10–4 of Al3(Sc, Zr) precipitates after solution-

ising at 480 �C for 48 h is reported for this case. Zhang

et al. showed the best combination of strength

(YS:747 MPa, UTS:721 MPa) and ductility (10.9%) by the

addition of Sc and Zr and optimising the heat treatment

route [89] (solutionising at 470 �C and ageing at 120 �C
for 15 h). The peak-aged microstructure contains a high

number density of coherent, finely distributed Al3(Sc, Zr)

precipitates in the matrix along with GP zones and g’
phase. The increase in Sc/Zr ratio from 1 to 2.5 increases

the yield strength by 30 MPa due to the increase in the

number density of Al3(Sc, Zr) dispersoids in the matrix

[92].

The comparison of strength and ductility of different

series of alloys with microalloying is shown in Fig. 6.

3 Strengthening Due to Elemental Segregation
at the Interface of Main Strengthening Phases

The stability of microstructure at elevated temperatures is

an essential requirement for precipitation strengthened

aluminium alloys. The discussions in previous sections

included the influence of L12-ordered precipitates on the

strength and stability of the recently developed Al alloys.

These ordered precipitates are stable at the temperature of

our interest (200–300 �C). However, the main
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strengthening phases in most of these alloys coarsen

rapidly above 200 �C [28, 46, 98–101]. In Al–Cu alloys,

coarsening of strengthening h’ plates occurs at elevated

temperatures ([ 200 �C) during later stages of precipita-

tion. At the onset of the coarsening, the thermodynamic

driving force for the precipitate growth is negligible. The

growth of larger precipitates occurs at the expense of

smaller ones due to the establishment of a capillary-driven

driving force that emerges due to size differences between

the smaller particles and larger particles. The coarsening

rate depends upon the diffusion coefficient of solutes in the

a-Al matrix (D) and the interfacial energy of the plate–

matrix interface (c). The segregation of solute atoms at the

h0 plate/matrix interfaces affects the interfacial energy and

plays an important role in controlling the coarsening rate of

plates. Therefore, this section is dedicated to the effect of

elemental segregation on coarsening behaviour of main

strengthening phases and its effect on mechanical

properties.

The effect of transition elements (Sc, Ti, Zr, etc.) on the

precipitation behaviour and coarsening kinetics of h’ plates
in Al–Cu-based alloys have been extensively studied in the

past two decades [27, 28, 31, 32, 38, 43, 100, 102, 103].

The Sc addition to Al alloys results in stable L12-ordered

Al3Sc precipitates in the a-Al matrix [26–31] and this

results in the segregation at the plate–matrix interface. The

segregation of Sc atoms at the h’ plate/matrix interfaces

improves resistance against coarsening and concomitantly

improves the mechanical properties of the alloys

[38, 104, 105]. Gao et al. observed the Sc segregation

around * 2.35 at% at the a-Al/h’ plate interface during

ageing at 250 �C [101]. The coarsening resistance was

thermodynamically favourable due to the reduction in

interfacial energies by the Sc interfacial segregations. The

reported reduction in energy due to the interfacial segre-

gation was - 3.76 mJ/m-2 at the coherent interface of h’
plates [42]. Further, the increment in the yield strength

was * 30 to * 120 MPa with the increase in Sc con-

centration from 0.06 to 0.18 at% in Al-1.08 at% Cu alloys

[38]. However, the Sc microalloying to Al–Cu alloys has

been found to reduce the ductility of the Al–Cu alloys.

Around * 17% of the decrease in ductility of Al–1.08 at%

Cu alloy was observed after adding 0.18 at% Sc to binary

alloy. Gao et al. also observed the reduction in creep rates

by order of magnitude in Sc-containing Al–Cu alloys [31].

Chen et al. observed that the h’ plates in Al–Cu–Sc alloys

are more stable [32]. The stability of the plates is related to

the interfacial Sc segregation resulting in a * 25%

decrease in the interfacial energy. It results in 2.5 times

increase in strength over that obtained in Sc-free alloys.

The Cu concentration in the matrix controls the Sc segre-

gation at h0 plate/matrix interface [38]. The Al-2.5Cu-0.3Sc

(wt%) alloy had a higher Sc concentration at the interface

and better room temperature yield strength (* 1.8 times

higher) than Al-1.0Cu-0.3Sc and Al-1.5Cu-0.3Sc alloys.

The segregation of Sc and Mg at the h0 plate/matrix

interface in 2219ScMg alloy stabilises the microstructure

up to 1000 h at 200 �C with a yield strength of 495 MPa at

room temperature. It is around 34% higher than that

obtained in commercial 2219 alloys under similar heat

treatment conditions [46]. Rouxel et al. reported the seg-

regation of Zr along with Sc at the h0 plate/matrix inter-

faces in Al–Cu–Sc–Zr alloys [43]. Slower diffusion of Zr

in the a-Al matrix aids in stabilising the h0 plates for more

extended periods. The addition of Mn with Sc and Zr

effectively stabilises the strengthening precipitates against

coarsening up to 300 �C in Al–Cu–Mn–Zr and Al–Cu–

Mn–Sc–Zr alloys [42, 100, 102]. Jiang et al. reported the

reduction in interfacial energy by * 3.7 mJ/m2 and *
3.5 mJ/m2 due to Sc and Zr segregations, respectively, at

the coherent interfaces of h’ plates in Al–Cu–Mn–Sc–Zr

alloys aged at 190 �C for 18 h and then exposed to 280 �C
for 24 h [42]. In the same report, the Mn interfacial seg-

regation at both semi-coherent and coherent interfaces was

shown to reduce the interfacial energy by * 73 mJ/m2

and * 26 mJ/m2, respectively. Further, the interfacial

segregations of Mn, Sc and Zr atoms were shown to reduce

the interfacial energies and provide a kinetic diffusion

barrier that diminishes the coarsening rate of h’ plates [42].
Recently, Bahl et al. reported a negligible coarsening rate

of h’ precipitates in Al–Cu–Mn–Zr alloys at 300 �C
exposed for 5000 h. The authors attributed it to Mn and Zr

segregation at the h’/a-Al interfaces [100]. 3D-APT map of

AlCuMnZr alloy indicates segregation of Mn and Zr at the

Fig. 6 Room temperature strength ductility map showing new-

generation aluminium alloys with existing commercial alloys
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plate/matrix interface. The stability of hardness values after

long exposures was primarily due to Orowan strengthening

and stress-free transformation strains (SFTS). Ti addition

to Al–Cu–Mn–Zr alloys was reported to stabilise h’ pre-
cipitates beyond 300 �C [106]. The APT and STEM results

revealed that Mn stabilises h’ plates and promotes Zr/Ti

segregating at the interface, which eventually leads to a h’/
L12-Al3(Zr,Ti)-type stoichiometry. The co-precipitate

structure was reportedly stable at 350 �C due to decreased

interfacial energy related to the formation of the L12
structure at the h’ plate interface. Figure 7 displays the

schematic of the microstructure evolution with the addition

of Sc, Zr, Mn and different heat treatment routes. The L12-

ordered Al3Sc precipitates can result in high yield strength

that can be further enhanced by reducing the coarsening

with the help of Zr addition. Zr forms a shell around Al3Sc

precipitates and enhances strength. Further, by providing

nucleation sites for plate precipitates (h’’/h’), an enhanced

number density with finer size distribution results that

further improves the yield strength. The segregation of Mn

and Zr at the plate/matrix interface delays the coarsening of

h0 plates by reducing the interfacial energy, resulting in

high yield strength compared to base Al–Cu alloys. Thus,

the alloying addition with careful selection of heat treat-

ment route may result in newer-generation aluminium

alloys to meet the current challenges of aerospace and

automobile industries.

The addition of Cu to 6000 series alloy resulted in a

different type of precipitates, as discussed in the previous

section. Matsuda et al. observed the segregation of Cu at

the Q’/a-Al matrix interface with the help of energy-fil-

tered TEM [107]. Later, Weng et al. also showed the Cu

segregation using HAADF-STEM at the b’ and QP2 pre-

cipitate interface [108]. The segregation of Cu accommo-

dates the lattice misfit between b’ and Al matrix. Further,

the Cu atoms were arranged periodically at the coherent

interface of lath-like b’ precipitate due to the strong

interaction between Cu and Si atoms [109]. The alloys

were found to have better thermal stability than Al–Mg–Si

alloys at 250 �C [110]. A similar effect was reported with

Fig. 7 Schematic of

microstructure evolution in Al–

Cu alloys after alloying with

transition elements like Sc, Zr

or Mn and various heat

treatments showing an

increment in yield strength by

precipitating L12-ordered

precipitates in Al matrix or by

interfacial segregation at the

plate/matrix interface or by both
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Ag addition [62, 111]. At initial stages of ageing to Al–

Mg–Si–Ag alloys, Ag was reported to segregate at GPZ/a-
Al matrix and b‘‘/a-Al matrix interface, which on later

stages of ageing were incorporated into the precipitates

resulting in QP lattice with disordered structures. Further,

the addition of Ag to Al–Mg–Si–Cu alloys results in the

segregation of Ag at semi-coherent interfaces of QP2

precipitate.

4 Final Comments

Despite being lightweight and having good strength, the

aluminium alloys suffered a bottleneck since they could not

have good strength above 150 �C. A race to develop new

dilute aluminium alloys with transition metals still cannot

compete with the existing commercial alloys in terms of

strength. However, minor addition of the transition ele-

ments can be adopted to develop a new-generation alu-

minium alloy. In the last three to four years, ordered

precipitates and segregation of a small amount of transition

elements at the precipitate–matrix interface attracted

attention. Although we presented a brief account of this,

there may be other opportunities, including multi-element

alloys with newer properties for high performance and

newer defects and microstructural architectures through

newer processing routes like additive manufacturing. Thus,

the research on aluminium alloys will continue to generate

interest and excitement.
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