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Abstract The microstructural evolution of an Al–Zn–

Mg–Cu–Sc–Zr alloy prepared by spray deposition via

extrusion and equal-channel angular pressing (ECAP) was

investigated in this study. Deformation route A for Al–

11.5 wt% Zn–2 wt% Mg–1.5 wt% Cu–0.2 wt% Sc–0.15%

Zr super-strength alloy was carried out at 573 K by ECAP.

The microstructures of extruded and ECAP samples were

investigated by means of Electron Backscatter Diffraction

(EBSD), Scanning Electron Microscopy (SEM) and

Transmission Electron Microscopy (TEM). A large amount

of dislocation tangles were formed inside grains during

ECAP, which further evolved into sub-boundaries and high

angle grain boundaries. Microstructure analyses showed

that the grain size was refined to 800 nm after 8 passes

ECAP from earlier 3.5 lm of sprayed and extruded alloy.

A few finer MgZn2 and Al3(Sc,Zr) were dispersed uni-

formly after ECAP. The textures of 8 passes ECAPed

sample were dominated by the strong Cu orientation and

relatively weak S orientation.

Introduction

7XXX series Al alloys are indispensable materials for the

aviation and aerospace as well as automotive industries due

to their high strength and low density [1, 2]. Their prop-

erties are further enhanced by increased Zn concentration

[3], at the same time, the disadvantages caused by

increasing Zn addition for the conventional casting are also

obvious, such as coarse grains, enhanced macrosegregation

and high hot crack tendency caused by the low cooling

speed, resulting in a low product yield and deteriorative

mechanical properties [4–6]. The disadvantages mentioned

above were avoided effectively by using spray deposition,

in which droplets are first atomised from a molten metal

stream, quickly cooled by an inert gas, then deposited on a

substrate, and finally built up to form a low-porosity

deposit with the required shape. The grain size for the

sprayed Al–Zn–Mg–Cu–Sc–Zr alloys containing 12–13%

Zn is less than 4 lm after extrusion and the tensile strength

is more than 800 MPa [7]. Unfortunately, the relative low

elongation of 3–9% restricted their use for high Zn-con-

taining Al–Zn–Mg–Cu alloys widely in complex forming

[5, 7–9].

Recent studies have demonstrated that substantial grain

refinement in Al alloys can be achieved through the

introduction of intense plastic deformation via equal-

channel angular pressing (ECAP) [10, 11]. During ECAP,

the component undergoes a very severe shear deformation

without size change. Pressing can be performed repeatedly

and the shear stress cumulates. Grain size is further refined

with increased ECAP passes and the superplastic defor-

mation can be realised even at low temperature [9, 10] and

high strain rate [11–13] (High strain rate superplasticity

(HSRSP) defined as superplasticity at strain rates at or

above 10-2 s-1, and low temperature superplasticity

(LTSP) defined as superplasticity at temperatures below

0.5 Tm, where Tm is the absolute melting temperature.)

[14].

Ultrafine grain sizes(less than 1 lm) can be formed for

Mg and Al alloys via ECAP [15–17]. Most of previous

works have been on microstructure evolution of Al–Zn–

Mg–Cu alloys during ECAP process, mainly focusing on
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7050, 7075 and 7475 alloys [18–20]. More recently, Sha

et al. [21] investigated systemically the effects of ECAP on

the morphology of precipitates in Al–Zn–Mg–Cu (Al-7136

alloy), showing that ECAP changed the orientation of

precipitates and this influences the atomic configuration

and the interfacial energy at the g/a-Al interfaces. How-

ever, very limited attention has been given to the micro-

structure evolution of the high Zn-containing Al–Zn–Mg–

Cu alloys with trace element addition prepared by spray

deposition during ECAP.

The addition of minor Sc and Zr to Al alloy can make

the alloy have a higher strength level with higher ductility.

Strength increment caused by adding minor Sc and

Zr is mainly attributed to fine grain strengthening, precip-

itation strengthening of Al3(Sc, Zr) and substructure

strengthening.

The objective of this study is to investigate micro-

structural evolution in a sprayed Al–Zn–Mg–Cu–Sc–Zr

alloy containing Zn up to 12% during extrusion and ECAP

at 573 K.

Experimental procedure

An alloy with an approximate chemical composition of Al–

11.5% Zn–2% Mg–1.5% Cu–0.2% Sc–0.15% Zr (wt%)

was prepared by spray-deposition. The as-sprayed ingots

were solution treated at 673 K for 12 h, followed by den-

sifying and extruding at 673 K with an extrusion ratio of

20:1 at an extrusion speed of 1.5 mm s-1. The extruded

ingot with diameter of 15 mm was homogenised at 733 K

for 16 h and cooled in the furnace prior to ECAP. Then, the

extruded ingot was deformed by ECAP at 573 K through

route A, in which the sample was extruded without any

rotation of the sample between successive pressings. An

isothermal die with a rectangular cross-section of

10910 mm and a channel angle of 90� was used. The

specimens with 10910 mm2 cross-section and 100 mm

long were cut from extruded billets. The plunger speed is

1 mm s-1. To minimise the friction between specimen and

dies, the graphite powder was used as lubricant. The

extruded billets were pressed 4, 6 and 8 passes with

approximate total accumulated strain of 6.6, 9.9 and 13.2,

respectively, calculated according to the equation by

Goforth [22].

For TEM analysis, discs with 3 mm in diameter were

cut from the as-extruded and ECAP ingots and ground to a

thickness of 0.07 mm. The thin foils were then thinned by

twin-jet electropolishing. Microstructural observation was

carried by PHILIPS TECNAL transmission electron

microscope (TEM) operating at 120 kV. For EBSD anal-

ysis, the similar discs were electropolished to give a

strain-free surface. The misorientations of grain boundaries

were determined by a Hitachi S-3000 scanning electronic

microscope with an EBSD pattern collection system

operating at 20 kV. The resolution of digital image was

640 9 480 pixels. Four incomplete pole figures, namely

{111}, {001}, {011} and {112}, respectively, were mea-

sured. Then, the orientation distribution functions (ODFs)

were calculated from the experimental pole figures.

Samples for TEM, EBSD and texture measurements

were all extracted from the centre of the ECAP processed

specimens parallel to both X (RD) and Y (TD) axis as

shown in Fig. 1 in order to avoid the effects of the front

and back ends.

Results and discussion

Microstructures of spray-deposited ingot

Figure 2a shows the microstructures of spray-deposited

ingot, consisting of equiaxed grains with an particle size of

about 20 ± 3lm. It can be seen that a great number of

second phase particles distributed in the spray-deposited

ingot. XRD analyses showed that the microstructures were

mainly consisted of Al and MgZn2. After solution treat-

ment and extrusion, the finer precipitates were randomly

distributed as shown in Fig. 2b. The second phase of

MgZn2 existing at boundaries in the as-sprayed samples

disappeared. The selected area diffraction patterns (SADPs)

of MgZn2 and Al3(Sc,Zr) were shown in Fig. 2c and d.

The EBSD map of as-extrude was shown in Fig. 2e. Black

regions represent low-angle boundaries and red regions

represent high-angle boundaries. EBSD patterns analysis

shows that the deformed zone accounts for 42.69% and

recrystallisation zone is 54.67% and the balance is sub-

grains. The grain size decreases to 3.5 ± 1.2 lm after

extrusion.

Fig. 1 Schematic illusion of three dimensions and directions

observed
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Microstructure evolution during ECAP

Microstructural evolution during ECAP by route A was

given in Fig. 3. After 4 passes ECAP, the microstructure

consisted of two typical structures, one was elongated along

shear direction and evolved into band-like structure with

length of near 2 lm and width of 1 lm and the other was

the nearly equiaxed structure as shown in Fig. 3a. The size

of equiaxed grain was about 1.2 ± 0.4 lm. The dislocation

distribution was inhomogeneous. A few grains had higher

dislocation density distribution, and numerous grains were

dislocation free. Transgranular precipitates were partially

abated due to the dissolution of second phase particles

during severe plastic deformation at higher temperature

[23]. Nodular subgrains appeared in the elongated grains.

After 6 passes press, most grains exhibited approximately

equiaxed structure with a grain size of 1.0 ± 0.2 lm. The

difference in grain size was very big and the aligned

Fig. 2 Microstructures of

spray-deposited and extruded

Al–11.5% Zn–2% Mg–1.5%

Cu–0.2% Sc–0.15% Zr (wt%)

alloy at 673 K with a extrusion

ratio of 20:1. a optical

micrograph of as-spray

deposition, b TEM of as

extrusion, c SAPD of

Al3(Zr,Sc), d SAPD of MgZn2

and e SEBD map of as extrusion
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direction along the press direction was still existed as given

in Fig. 3b, indicating that the elongated grains had evolved

into the equaixed one. Compared with the microstructure of

press with 4 passes, more precipitates were occurred and the

finer subgrain boundaries were formed in the subgrains.

From 4 passes to 6 passes, the grain size decreased due to an

increasing number of equiaxed grains delineated by sharp

boundaries and a gradual decreasing of elongated grains.

Before 4 passes, there were no precipitates appearing dis-

tinctly. Spherical phase precipitates after 6 passes, and the

precipitate increases with increased pass to 8. TEM analyse

confirm that these precipitates are MgZn2 and Al3(Zr,Sc) as

shown by arrows. The precipitation is promoted by

increased ECAP pass at higher temperature.

Fig. 3 Typical microstructural

evolution during ECAP. a 4

passes, b 6 passes, c 8 passes,

d magnification of c, showing

the pinning effect of Al3(Zr,Sc)

particles on the grain boundaries

and e energy dispersive

spectrum of the Al3(Zr,Sc)

particle phase showing high

concentration of Al, Zn, Mg, Zr

and Sc in the alloy investigated.

ECAP at 573 K by route A,

observed plane parallel to both

X (RD) and Y (TD) axis as

shown in Fig. 1
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As the press passes increased to 8 passes, most grains

evolved to globular with grain size of 800 ± 200 nm as

shown in Fig. 3c. During ECAP at elevated temperature,

the supersaturated solid solution decompose, thus precipi-

tating the MgZn2 and Al3(Zr,Sc) phases. There are a small

quantity of rod-shaped MgZn2 precipitates with lengths of

8–30 nm and thickness of 7–15 nm but there were many

spherical-shaped precipitates with sizes of 30–50 nm. The

rod-shaped MgZn2 phases are formed due to coalescence at

high temperature. The spherical-shaped precipitates are

probably due to a transformation of the g0-phase into g with

subsequent coarsening during ECAP [23]. There are many

fine spherical Al3(Sc,Zr) nanoscale particles precipitated,

which effectively pinned the migration of boundaries and

sub-boundaries during ECAP as shown in Fig. 3d, inducing

the finer structure even ECAPed at higher temperature. The

energy dispersive spectrum (EDS) of an Al3(Zr,Sr) particle

corresponding to Fig. 3d is shown in Fig. 3e. At the early

stage during ECAP, the coarse grains were elongated along

the deformation direction and the some fragmented sub-

grains with little angle boundary were formed in the initial

grains. With the increasing in the deformation, the sub-

grains continue to deform and form the near globular

microstructure with large angle boundary, finishing the

change from the subgrain to grain. At the same time, the

misorientation angle between grains is also increased with

the increased deformation. Compared with the study in

Ref. [20], in which the grain size of 0.3 lm was obtained

when a spray-cast alloy with the similar chemical compo-

sitions without Sc addition was ECAPed (route Bc) 8 pass

at 473 K, the grain size was 0.8 ± 0.2 lm in the present

study after 8 passes. This is attributed to the increased

ECAP temperature of 573 K, due to the fact that the

average grain size trends to increase with increasing

pressing temperature [20, 24].

Typical EBSD map and the distribution of boundary

misorientation as well as characteristic microstructure

after ECAP are given in Fig. 4. The thick line indicates

Fig. 4 Typical misorientation distribution. a EBSD, b misorientation distribution and c fraction of grains
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high-angle grain boundaries (HAGBs) (C15�) and the thin

line represents low-angle grain boundaries (3�–15�) [15].

During ECAP, a lot of subgrains transit to HAGBs through

rotation under severe shear deformation at relative higher

temperature, leading to a continuous increase in HAGBs.

After 8 passes pressing, the average misorientation is up to

32� and the fraction of HAGBs accounts for 77%. EBSD

patterns analysis shows that the deformed zone accounts

for 28.76% and recrystallisation zone is 40.26%, and sub-

grains of 30.98%, showing that a great number of subgrains

are formed, which is the benefit for nucleating of recrys-

tallisation. The grain aspect ratio defined as the ratio of the

grain dimension in the pressed direction to that in the

transverse direction is 1.65. For the comparison, the mis-

orientation angle measurement of extruded sample was

also measured to be 28�. After 8 passes ECAP, the mis-

orientation angle increases slight from 28� to 32�. This is

likely due to the fact that extruded sample suffered severe

plastic deformation with a relatively high extrusion ratio of

20:1, resulting in a high misorientation angle existing in the

extruded sample and slight increase after further ECAP.

Mobile dislocations move across subgrains and are trapped

by sub-boundaries, leading to an increase in their misori-

entations. As a result, LABs eventually convert to true

HABs. This process was clearly illustrated by Kaibyshev

et al. [25] in reference.

Microtexture evolution during ECAP

ECAP being an unsymmetrical deformation process,

pole figure representation is not sufficient to describe

the texture evolution. The corresponding orientation

distribution figures are given in Fig. 5. On ECAP, the

migration of boundaries during recrystallisation was

hindered by nanoscale Al3(Sc,Zr) dispersoids formed

Fig. 5 ODFs for the sample ECAP processed to 8 passes, ECAP at 573 K by route A, observed plane is parallel to both X (RD) and Y (TD) axis

as shown in Fig. 1
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both interior (sub)grains and on the boundaries of grains

and act as an effective pinning agent to dislocation,

leading to a suppression of the formation of cubic tex-

ture. With reference to the materials composition, it is

known that second-phase particles may strongly affect

deformation texture evolution. In most cases, a certain

degree of texture weakening is observed, yet more

complex effects reported in solid solution on texture

evolution is less well-documented [26]. During ECAP,

all slip planes have to steer to the shear direction in

different level, resulting in a formation of typical copper

orientation texture of ({112} 111h i) with maximum

intensity of 12.16. The maximum texture intensity was

obtained at the 25�, 45� and 50�, respectively. Further-

more, a relatively weak S type texture {123} 634h i of

4�–5� was observed also, showing that up to maximum

strains the textures are dominated by the Cu and S

orientations, which is similar with rolled textures [26].

Conclusion

(1) A grain refinement in Al–Zn–Mg–Cu–Sc–Zr alloy

containing Zn up to 12% prepared by spray deposition

was obtained by ECAP at 573 K after 8 passes

pressing with a total strain of 12.16, resulting in a

decrease in grain size from 3.5 lm at as-extrusion to

800 nm after ECAP.

(2) After 8 passes pressing, the average misorientation

angle is up to 32� and the HAGBs account for

77%. The deformed zone accounts for 28.76%, and

recrystallisation zone is 40.26% and subgrains of

30.98%, indicating that a great number of subgrains

are formed. The misorientation angle shows a slight

increase from 28� as extruded to 32� after ECAP.

(3) After ECAP, the textures are dominated by the Cu

orientation with maximum intensity of 12.12 and

relatively weak S orientation of 5�–6�.
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