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Abstract: An Al-Zn-Mg-Cu alloy with Ni added as an alloying element was synthesized via spray deposition. The effects of the 

Al

9

Fe

0.7

Ni

1.3

 particles on the microstructure and mechanical properties of the alloy after a solution treatment were investigated by 

scanning electron microscopy (SEM) in conjunction with electron backscatter diffraction (EBSD), transmission electron microscopy 

(TEM) and tensile tests. We find that the element Ni is present in the alloy in the form of spherical submicrometer Al

9

Fe

0.7

Ni

1.3 

compound particles. The Al

9

Fe

0.7

Ni

1.3

 compound particles are mainly distributed near the grain boundaries, revealing a powerful 

recrystallization inhibition effect during the solution treatment. After the solid solution treatment, the alloy exhibits an ultimate 

tensile strength of 603 MPa and an elongation of 11.79%, and transgranular ductile fracture is identified as the main fracture 

mechanism. The results show that the presence of the spherical submicrometer Al

9

Fe

0.7

Ni

1.3

 compound particles plays a key role on 

the mechanical properties of the alloy, leading to grain refinement strengthening and Orowan strengthening, which is the main 

reason for the occurrence of transgranular ductile fracture. 
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Nickel, as a microalloying element, is currently used for the 

fabrication of Al-based alloys because of the formation of 

intermetallic compounds, which result in a significant 

improvement in the ageing precipitation behavior, the high- 

temperature mechanical strength, the frictional wear resistance 

and the stress corrosion cracking resistance

[1-7]

. However, some 

relatively coarse intermetallic particles can be formed during 

conventional solidification processes (slow cooling)

[8-10]

. This 

structural characteristic is unfavorable to the mechanical 

properties of these materials, and limits their application 

potential. 

The spray deposition technique results in a rapid 

solidification, and has been used to produce Al alloy 

components with excellent properties. Using this technique, 

Silva et al

[11]

 were able to prepare AlFeNi alloys with 

excellent mechanical properties, characterized by very fine (< 

200 nm) and circular Al

9

(Fe, Ni)

2

 intermetallic compounds 

embedded within the Al matrix. Wang et al

[12]

 reported an 

ultimate tensile strength of 695 MPa after a heat treatment for 

an Al-Zn-Mg-Cu alloy synthesized via spray deposition, 

which was composed of an Al matrix and submicron-sized 

Al

9

(Fe, Ni)

2

, Al

7

Cu

2

Fe intermetallic compounds. Many reports 

on the spray deposition of Ni-containing Al alloys mainly 

focused on the inter-relation between the microstructure and 

the mechanical properties of the supersaturated Al matrix and 

the precipitated phases

[11, 13]

, but there have been very few 

studies which comprehensively considered the Ni-rich inter- 

metallic compounds’ properties, size and distribution. 

Moreover, various Ni-rich intermetallic compounds, which 

include Al

3

Ni, Al

10

Fe

3

Ni, Al

3

Ni

2

, Al

7

Cu

4

Ni, Al

3

CuNi and so 

on

[10,14-17]

, have been found in synthesized Al alloys; among 

them the Al

9

(Fe, Ni)

2

 compound is usually observed in 

Ni-containing Al-Zn-Mg-Cu alloys

[12,18]

. However, the crystal 

structure of the Al

9

(Fe, Ni)

2

 phase remains controversial. 
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Based on theoretical calculations combined with X-ray 

diffraction (XRD) analysis, Khiaidar et al

[19]

 argued that 

Al

9

(Fe, Ni)

2

 was of the Co

2

Al

9

 structure and the P2

1

/3 space 

group. Afterwards, the lattice parameters for this compound 

were determined by means of single-crystal XRD, as 

suggested by Chumak et al

[16]

. The results indicated that the 

Al

9

(Fe, Ni)

2

 compound has a monoclinic structure with lattice 

parameters a = 0.624 06 nm, b = 0.629 93 nm, c = 0.859 92 

nm and β = 95.129°. Recently, however, based on selected 

area electron diffraction patterns, Wang et al

[12]

 reported that 

the parameters of the Al

9

(Fe, Ni)

2

 compound were a = 0.8637 

nm, b = 0.9000 nm, c = 0.8591 nm and β = 83.5°. 

The aim of this study was thus to investigate the 

characteristics of the Al

9

(Fe, Ni)

2

 compounds in an 

Al12Zn2.4Mg1.1Cu0.5Ni alloy prepared via spray deposition, 

with an emphasis on the crystal structure. Subsequently, the 

effect of the particles' size and structure on the microstructure 

and mechanical properties of the alloy was assessed by means 

of scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), tensile tests, and electron backscatter 

diffraction combined with energy-dispersive X-ray 

spectroscopy (EBSD-EDS). 

1  Experiment 

The alloy investigated in this study was synthesized through 

spray deposition in an Ospray OS10 (Ospray, UK) with a 

nominal composition (wt%) of 12Zn, 2.4Mg, 1.1Cu, 0.5Ni, 

0.2Zr, balance Al. During the spray deposition process, the 

molten metal was atomized by an array of N

2

 gas jets at 820 

°C. The preform, named ‘as-deposited sample’, was heated at 

407 °C and extruded to a round bar with a diameter of 50 mm. 

The extruded bar, named ‘as-extruded sample’, was then 

solution-treated at 485 °C for 2 h and water-quenched to room 

temperature (named ‘solid-solution sample’). 

A Hitachi S3400 scanning electron microscope (Hitachi, 

Japan) equipped with a Deben microtest (2000 N) tensile test 

stage (Deben, UK) was used to determine the mechanical 

properties of the prepared alloy and to study the fracture 

surface. A tensile test specimen with a thickness of 1 mm was 

cut from the solid-solution sample by wire-cut electrical 

discharge machining. The dimensions of the prepared 

specimens are given in Fig.1. Each specimen was cut in such a 

way that its length direction was aligned parallel to the 

extruding direction of the bar. High-resolution transmission 

electron microscopy (HRTEM) and TEM investigations were 

performed on a JEM-2010 transmission electron microscope 

operated at 200 kV (JEOL, Japan). The TEM specimens were 

prepared by mechanical polishing followed by twin jet 

electropolishing. An FEI 650 field-emission SEM (FEI, USA) 

fully equipped for EBSD and EDS was used to map the 

locations of the grain boundaries and the distribution of the 

alloying elements. XRD test was performed to identify the 

phase composition using a Rigaku D/max 2500 X-ray diffrac- 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic illustration of the tensile specimen (all dimensions 

in mm) 

 

tometer (Rigaku, Japan). 

2  Results and Discussion 

The X-ray diffraction (XRD) patterns obtained for the three 

types of samples (as-deposited, as-extruded and solid-solution) 

are presented in Fig.2. The comparison with the characteristic 

patterns in XRD databases, shown as insets in the bottom part 

of Fig.2, confirms that the as-deposited and the as-extruded 

samples mainly consist of an Al matrix and MgZn

2

 and  

Al

9

(Fe, Ni)

2

 compounds. However, MgZn

2

 is not detected in 

the solid-solution sample, which suggests that the MgZn

2

 

phase is largely dissolved into the Al matrix during the 

solution treatment at 485 °C and that the concentration of the 

residual MgZn

2

 is too low to detect its presence. 

The typical microstructure of the solid-solution samples is 

shown in the EBSD map in Fig.3a. The grain size is only 

about 15 µm. The corresponding element distribution maps 

are shown in Fig.3b~3h. We find three types of phases in the 

vicinity of the grain boundary: (i) a Cu-rich and Mg-rich 

phase, (ii) a Zr-rich phase, (iii) a Ni-rich and Fe-rich phase, 

exhibiting a typical recrystallization behavior inhibited by the 

secondary phases during the high-temperature heat treatment. 

In the Cu-rich and Mg-rich phase, according to the EDS 

analysis, the stoichiometric ratio of Cu to Mg is close to 1:1, 

and only a small amount of Zn is found in the phase apart 

from the Al matrix. Thus, this phase is considered to be the 

Al

2

CuMg S-phase. However, no peak corresponding to this 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  XRD patterns of the experimental alloy 
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Fig.3  EBSD map (a) and element distribution maps obtained for the solid-solution sample: (b) Al, (c) Zn, (d) Mg, (e) Cu, 

(f) Zr, (g) Ni, and (h) Fe 

 

phase is found in the XRD pattern because of the low 

concentration. The Zr-rich phase, with an approximate 

stoichiometric Al to Zr ratio of 3:1, is considered to be 

L1

2

-Al

3

Zr, which has the same crystal structure as the Al 

matrix. The presences of Al

2

CuMg and L1

2

-Al

3

Zr in the 

Al-Zn-Mg-Cu alloy are in agreement with previous 

reports

[20-24]

. 

Fig.4a shows a spherical Ni-rich and Fe-rich particle with a 

diameter of about 700 nm. The corresponding HRTEM 

images of the particle are shown in Figs.4b~4d. The insets in 

the bottom left corner of Figs.4b~4d show the corresponding 

fast Fourier transform images. There are three types of 

HRTEM images with a different zone axis of the Ni-rich and 

Fe-rich phase. The results of the EDS analysis are shown in 

Fig.4e, indicating that the stoichiometric ratio of Al, Fe and Ni 

in the particle is close to 9:0.7:1.3. Thus, it is reasonable to 

assume that the Ni-rich and Fe-rich phase consists of 

Al

9

Fe

0.7

Ni

1.3

. Chumak et al

[16]

 reported that the Al

9

Fe

0.7

Ni

1.3

 

compound has a monoclinic structure with lattice parameters 

a=0.624 06 nm, b=0.629 93 nm, c=0.859  92 nm and β= 

95.129° (ICSD No: 158246). Indexing of the FFT images (see 

insets in Fig.4b~4d) according to the crystal geometry and 

crystal diffraction pattern suggests that the Ni-rich and Fe-rich 

phase is of the same crystal structure as the Al

9

Fe

0.7

Ni

1.3

 

compound. Furthermore, the HRTEM micrographs of the 

particle were also compared with simulation results. The 

simulated images are overlaid with the HRTEM images and 

are depicted in Fig.5, shows that the simulated HRTEM 

images are in good agreement with the experimental 

observations. It further indicates that the Ni-rich and Fe-rich 

phase is the Al

9

Fe

0.7

Ni

1.3

 phase. 

Meanwhile, Fig.4a suggests that the Al

9

Fe

0.7

Ni

1.3

 particle is 

attached to some Al

2

CuMg phases (EDS result not listed here). 

This indicates that the Al

9

Fe

0.7

Ni

1.3

 compounds can be 

regarded as the heterogeneous nucleation site for the Al

2

CuMg 

phase during solidification. 

To illustrate the effect of the Al

9

Fe

0.7

Ni

1.3

 particles on the 

mechanical properties of the solid-solution samples, the 

fracture surface is presented in Fig.6. Compared with a 

spray-deposited Al-Zn-Mg-Cu-Zr alloy without Ni after the 

solution treatment, which shows a tensile strength of 510 MPa 

and an elongation at break of 12%

[13]

, this solid-solution 

sample exhibits a higher tensile strength of 603 MPa, and a 

similar elongation at break of 11.79%. This suggests that the 

addition of Ni can greatly improve the strength while retaining 

the ductility of the alloy. In addition, the fracture surface 

exhibits a large number of dimples and shows the typical 

features of ductile fracture, indicating that transgranular 

fracture is the main fracture mechanism in the solid-solution 

samples. Moreover, the magnified image of the area marked 

black sqare in Fig.6a, shown in Fig.6b, reveals that there are 

some microcracks in the second-phase particles at the bottom 

of the dimples. This suggests that the second-phase particles 

became cracked during the tensile test due to the low ductility. 

The composition analysis confirms that those second-phase 

particles consisted of Al

9

Fe

0.7

Ni

1.3

. 

In general, the aim of the solution treatment is to dissolve 

most of the second-phase particles to enable the alloys to 

a 

10 µm 

Al 

Zn 

Mg 

Cu 

Zr 

Fe 

Ni 

b 
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Fig.4  Analysis on an insoluble Al

9

Fe

0.7

Ni

1.3 

particle with a diameter of 700 nm: (a) TEM image; (b~d) HRTEM images are from the [110], [112] 

and [010] zone axis of Al

9

Fe

0.7

Ni

1.3

, respectively, with the insets at the bottom left corner of Fig.4b~4d showing the corresponding fast 

Fourier transforms of itself; (e) EDS result of the Al

9

Fe

0.7

Ni

1.3

 particle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  HRTEM images superimposed with the simulated images from the Al

9

Fe

0.7

Ni

1.3

 structure with varying zone axis: (a) [010], (b) [112], and 

(c) [110] (the insets (bottom) are the corresponding projections of the structure consisting of Al (blue) as well as Fe/Ni (gray) atoms) 

 

achieve their maximum strength in the subsequent aging 

treatment. For Al-Zn-Mg-Cu alloys, the second phases mainly 

include the η phase (MgZn

2

), the S phase (Al

2

CuMg) and the 

T phase (Al

2

Mg

3

Zn

3

)

[20,25]

. The η, T and S phases can be 

dissolved at solution treatment temperatures of 470, 480 and 

490 °C, respectively

[26,27]

. However, 470 °C is a common 

solution treatment temperature because a higher solution 

treatment temperature often results in recrystallization, which 

is detrimental to the mechanical properties of the alloys. In 

this study, the grains retained their small size after the solution 
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Fig.6  SEM images of the fracture surface 

 

treatment at a temperature of 485 °C, and the Al

9

Fe

0.7

Ni

1.3

 

compound particles were found in the vicinity of the grain 

boundaries (Fig.3). These results show that the presence of the 

Al

9

Fe

0.7

Ni

1.3

 compound particles can effectively inhibit 

recrystallization at higher temperatures and increase the 

degree of supersaturation of the alloying elements. 

The effect of the Al

9

Fe

0.7

Ni

1.3

 phase particles on the 

properties of the solid-solution samples can be explained by 

the following three mechanisms: (1) grain refinement 

strengthening: the yield strength of the alloys, σ, can be 

increased through grain size refinement, following the 

Hall–Petch relationship

[28]

: 

-1/ 2

0

 = +kdσ σ                                  (1) 

where σ

0

 is the lattice friction stress for dislocation movement, 

k is a material constant, and d is the average grain size. 

Following Eq. (1), the increment in yield strength depends on 

the average grain size. According to the above analysis, the 

Al

9

Fe

0.7

Ni

1.3

 compound particles are mainly located at the 

grain boundaries and lead to a typical recrystallization 

grain-growth inhibition effect (Fig.3). Consequently, this 

results in a grain refinement strengthening effect. (2) Orowan 

strengthening: moving dislocations will bypass the particles 

according to the Orowan mechanism when pinned by the 

particles. This will increase the resistance of the following 

moving dislocations, leading to high work hardening rates and 

a strengthening of the matrix

[29]

. (3) Ductility improvement: 

microcracks will form in the Al

9

Fe

0.7

Ni

1.3

 particles due to the 

high stress concentration during the formation process owing 

to their limited ductility (Fig. 6). The microcracks can be 

considered as internal defects. According to the Griffith 

fracture criterion, the stress acting on an internal defect, σ

f

, 

which is necessary to cause fracture, is given by 

s

f

2

π

E

a

γ

σ =                                   (2) 

where E is Young's modules of the material, γ

s

 is the fracture 

surface energy, and a is the size of the existing microcrack

[30]

 . 

In this work, the Al

9

Fe

0.7

Ni

1.3

 compound particles have a 

submicron size (Figs.3 and 4), which means that they will be 

able to suffer a higher stress until fracture than those in 

conventional Al alloys, which contain relatively coarse 

intermetallic particles. Thus, the ductility can be improved by 

reducing the particles size. In conclusion, the addition of Ni to 

spray-deposited Al-Zn-Mg-Cu alloys leads to the formation of 

spherical submicrometer Al

9

Fe

0.7

Ni

1.3

 compound particles, 

which greatly improves the strength while retaining the alloy’s 

ductility. 

3  Conclusions 

1) Spherical submicrometer Al

9

Fe

0.7

Ni

1.3

 compound 

particles of the P2

1

/3 space group with lattice parameters a= 

0.624 06 nm, b= 0.629 93 nm, c= 0.859 92 nm, β= 95.129° are 

formed during the spray deposition of Al-12Zn-2.4Mg-1.1Cu 

alloy when adding Ni (0.5 wt%). 

2) Recrystallization grain-growth during the solution 

treatment is effectively inhibited by the Al

9

Fe

0.7

Ni

1.3

 compound 

particles, which are located in the vicinity of the grain 

boundaries. 

3) The mechanical properties of the alloy after the solid- 

solution treatment are greatly improved by the Al

9

Fe

0.7

Ni

1.3

 

compound particles, resulting in an ultimate tensile strength of 

603 MPa and an elongation of 11.79%.  

4) The main fracture mechanism of the prepared alloy is 

transgranular ductile fracture. 
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