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ABSTRACT

The effects of nickel in improving the mechanical properties and microstructure of Al-Zn-Mg-Cu alloys produced by
semi-direct chill casting were investigated. Aluminium alloys were homogenized at different temperatures conditions,
which aged at 120°C for 24 h (T6 temper), and retrogressed at 180°C for 30 min and then re-aged at 120°C for 24 h
(RRA). The results of the microstructural analyses showed that with adding nickel to aluminium alloy, nickel-rich dis-
persoid particles were formed, such as Al;CuyNi, Al4Ni;, Al;sNijgFers, AlsNiy, and AlsoMgusNi;. Intermetallics com-
pounds within the matrix alloy led to dispersion and fine-grain mechanisms which prevent the recrystallization and
grain growth. Enhancement of mechanical properties of the alloys study is obtained through the precipitation hardening
of alloying elements of the base alloy besides Ni-bearing dispersoid particles. The microstructure of these alloys was
examined through optical and scanning electron microscopy along with energy dispersive X-ray and X-ray diffraction.
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1. Introduction

In the past several decades, a considerable commercial
interest had been shown in the development of high-
strength Al-Zn-Mg-Cu aluminium alloys. It is aiming at a
superior combination of high specific strength, high ten-
sile strength and satisfactory corrosion resistance that
renders them suitable for use in aircraft structures
through heat treatments [1]. Retrogression and re-aging
(RRA) is considered one of the most important heat
treatments to produce aluminium-Zinc-Magnesium-
Copper alloys which have higher mechanical strength
and stress corrosion resistance than alloys produced un-
der aging at T6 temper [2]. Many attempts including a
chemical composition modification for Al-Zn-Mg-Cu
alloys and employing new heat treatments were made to
further increase the properties of these alloys. Typically,
the eutectic structures of aluminium-zinc-magnesium-
copper alloys consist of a-Al and MgZn,. Several phases
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such as S-Al,CuMg, T-Al,Mg;Zn;, and Al,Cu are created
during solidification process aluminum alloys (Al-Zn-
Mg-Cu) [3,4]. The zinc-magnesium ratio significantly
affects the formation of the MgZn, phase. Whereas high
zinc-magnesium ratio leads to building up other MgZn,
compounds that strengthen the alloys through heat treat-
ments. Researchers continue to improve a chemical com-
position of Al-Zn-Mg-Cu alloys by transition elements
such as zirconium (Zr), titanium (T1), boron (B), Lithium
(Li) and scandium (Sc) which have been used in Al-Zn-
Mg-Cu alloys; Ti coupled with B provides the finest mi-
crostructure properties for these alloys [5,6]. Prior studies
have indicated the effect of nickel on the microstructure
and mechanical properties of aluminium alloys. Compton
et al. [7] found that adding nickel into pure aluminium
forms Al;Ni through the eutectic reaction and increases
alloy hardness. Yang [8] and Boyuk [9] claimed that
blending nickel into aluminium-silicon alloys forms
ALNi in addition to the Al;Cu4Ni and AlyFeNi phases
during solidification. For aluminium-silicon-nickel al-
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loys, a nickel-rich dispersed phase insoluble at high
temperature improves mechanical properties for applica-
tions in high temperatures [10-12]. Moreover, influence
addition of nickel on the mechanical properties of Al-Zn-
Mg-Cu alloys was investigated using numerous tech-
niques such as; Ingot metallurgy (IM) and rapid solidifi-
cation (RS). Shen [13] found that increase hardness in
Al-Zn-Mg-Cu alloys contained nickel produced by rapid
solidification after the aging treatments. However, insuf-
ficient detail about the effect of nickel additives on mi-
crostructural and mechanical properties of Al-Zn-Mg-Cu
alloys. The purpose of study was to determine to affect
nickel on microstructural evolution and mechanical pro-
perties of Al-Zn-Mg-Cu alloy produced by chill casting,
besides investigating the effects of aging and retrogress-
sion and re-aging treatments on them.

2. Experimental Procedures
2.1. Research Material

The present study was carried out on Al-Zn-Mg-Cu alu-
minium alloys slabs provided by ALCAN GLOBAL
AEROSPACE. The slabs were 13 mm thick and 20 mm
wide. Nickel of 99% purity as additives was provided by
Merck KGaA. The nominal compositions of the studied
alloys are listed in Table 1. The terms “Base alloy” and
“Alloy I” refer to as received alloy and alloy with 0.5 wt. %
Ni respectively. The chemical composition analysis was
carried out using the arc-spark spectrometer.

Alloys were re-melted in a graphite crucible at 850°C
(1123 K) in electrical resistance furnace (with accuracy
of £5°C). The samples were produced by a semi-direct
chilling (DC) casting process proceeded in iron steel
mold of (150 1 x 30 w x 20 h). The mold was preheated
to 250°C prior to casting process. The casting speed
about 150 mm/min, water flow rate was about 45 1/min
and cooling rate of —280°C/sec. The alloys were inverted

Table 1. The chemical composition of studied alloys (in wt.
%).

No. Base alloy Alloy I

Si 0.078 0.114
Fe 0.234 0.265
Cu 1.774 1.543
Mn 0.044 0.043
Mg 2.886 2.665
Cr 0.187 0.188
Ni - 0.557
Zn 6.676 7.076
Ti 0.027 0.053
Al Bal. Bal.

and remelted three times to ensure complete mixing. Af-
ter the casting; homogenizing treatments conducted for
alloys according to [14,15] within step No.1 in Table 2,
followed by quenching in cold water immediately after
each step of the homogenizing treatments. Thereafter
ageing at T6 temper then the retrogression and re-aging
(RRA) process their detailed in Table 2; quenching in
cold water come after each treat.

2.2. Microstructures Characterizations

The microstructures were analyzed by the optical mi-
croscopy (OM) using Olympus PMG3 optical microscope.
The specimens were extracted from position of 1/2 height
of the ingot, ground and polished according to ASTM
E3-01. They were etched with Keller’s reagent. The cal-
culation of the average grain size and its analysis were
carried out using the linear intercept method. In order to
investigate effects of additives on the microstructure
scanning electron microscopy (SEM) coupled energy
dispersive X-ray (EDX) and X-ray diffraction analysis
(XRD) were used.

2.3. Mechanical Testing

The Hv microhardness measurements were carried out on
the specimens according to ASTM E92-82, “Mitutoyo
DX256 series”. Indentation force was set to 30N and 10
sec. dwelled time. To ensure cleanliness the surfaces of
the samples were polished prior to Hv measurement.
Each reading was an average of at least ten separate
measurements taken randomly on the surface of the
specimens. The highest and the lowest values of the ten
reading were disregarded. The tensile test was carried out
at ambient temperature on plate tensile specimens using
INSTRON testing machine at a ram speed of 10mm/min.
and a load of 500 kN. The tensile test specimens were
prepared according to ASTM B557M-02.

3. Results

Figure 1 shows the optical micrographs of as-quenched
alloy I sample. This sample contained incipient dendrites
of aluminium-rich solid solution and an interdendritic
network of intermetallic compounds around the primary

Table 2. The homogenizing and heat treatment steps for
alloys studied.

No. Type Description of treatment

450°C for 2 h + 470°C for 24 h
+480°C for 1/2 h

1 Homogenizing

2 Ageing (T6) 120°C for 24 h

120°C for 24 h + 180°C for 1/2
h+120°C for 24 h

Retrogression and reaging
(RRA)
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Figure 1. Optical microstructures of as-quenched alloy |
sample.

grains. Several fine equiaxed grains contained columnar
grains between them. Semi-direct chill casting forms fine
equiaxed grain structures all over the cross sections with
an average grain size of about 39 um for the alloy I sam-
ple (Figure 1). In our previously study [16] that the av-
erage grain size of about 47 um for the quenched sample
of the Al-Zn-Mg-Cu alloy produced by the same casting
condition. Ying et al. [17] observed a grain size about
121 pm for as-cast AA 7050 aluminium alloy. The grain
size of as-quenched alloy I was refined by adding nickel
to aluminium alloy. Nickel acted as a nucleation agent on
the grains, inhibiting columnar evolution, which usually
starts from the mold wall and forms appropriate sites for
the nucleation of the first aluminium phases during so-
lidification [15]. Figures 2(a) and (b) show the optical
micrographs of the alloy I samples after promotive ho-
mogenizing then aging treatment at T6 temper and RRA
process. The volume fraction of the dendritic network
structure was gradually reduced, and the residual phases
became small and sparse because of the heat treatments.
The grain size of the alloy I samples (Figures 2(a) and
(b)) were significantly reduced after the T6 temper and
RRA process due to the interaction between alloying
elements of the base alloy and nickel additives which had
higher density than of them. Thus the additives of nickel
formed the nucleation sites and increase the solidification
rate. Besides, the additions created dispersion com-
pounds through eutectic reaction in the base alloy. The
newly formed compounds of additives were restricting
the recrystallization and grain growth in subsequent
stages.

The scanning electron microscopy (SEM) in Figure 3(a)
shows the microstructure of the as-quenched alloy I sam-
ple. The dark areas indicate the primary solid solution and
the bright areas indicate the non-equilibrium eutectic solid
solution between grains. The energy-dispersive X-ray
(EDX) scan in Figure 3(b) for the gray particles reveals
the chemical composition for the encircle region, in
which the elements were similar to the T-AlsMg;,Zny, S-

Open Access

Figure 2. Optical microstructures of alloy | after (a) T6
temper (b) RRA process.

Al,CuMg, 7-MgZn,, 177-Mg,Zn;,, y-Al-Cu-Ni, and Al-Ni-
Fe phases. These results are consistent with those obtained
by Liang [18], who found that aluminium alloys (7xxx)
contain the T, S, 77 and y phases with Al, Zn, Mg, Cu and
Ni. The alloy I samples were homogenized under different
temperatures conditions and aged at 120°C for 24 h (T6).
The SEM micrograph in Figur e 4(a) reveals the existence
of dispersoid particles (bright spots). The EDX scan in
Figure 4(b) for the encircle region also reveals the che-
mical composition of the bright region. The stoichiometry
of this labeled region was close to that of the T-
A15Mg112n4, S-AIQCuMg, ﬂ-Mng’lz, 77’-Mg22n11, }/-Al-
Cu-Ni, and Al-Ni-Fe phases.

The SEM and EDX scan in Figures 5(a) and (b) show
the microstructure of the alloy I sample after RRA process.
The SEM reveals the existence of compounds of particle
which them details in the EDX scan of the labeled region
indicates that these bright spots exhibit stoichiometry
close to that of T-AlsMgj;Zny, S-ALL,CuMg, 7-MgZn,,
17-Mg,Zny;, y-Al-Cu-Ni, and Al-Ni-Fe compounds (Fig-
ure5(b)).

The XRD analysis results for the alloy I samples are
shown in Figures 6(a)-(c) (RRA, T6, and as-quenched,
respectively). The patterns of the as-quenched alloy I
sample confirm that the primary eutectic system mainly
consisted of a (Al), solid solution, and intermetallic com-
pounds (i.e., T-AlsMg;1Zn,, S-Al,CuMg, Al;CuyNi,
A150Mg48Ni7, A14Ni3, A13Ni2, and Al75Ni10Fel5). Figure
6(b) shows the XRD plots for the alloy I sample after T6
temper and indicates the existence of the MgZn, and
Mg,Zn,; phases besides peaked high of the Al;Ni, phase.
Dispersive phases had many peaks because of the inten-
sive dissolution of the alloying elements and the nickel
additives produced by homogenize treatment and subse-
quent aging at T6 temper and retrogression and reaging.
This result can be explained by the intensive solution
treatment of the alloying elements and the addition of
nickel. Prior studies indicated to disadvantage for nickel
additives into Al-Zn-Mg-Cu alloys as by Li et al. [19]
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Figure 4. (a) SEM and (b) EDX scan of alloy | sample after T6 temper.

found that adding nickel to aluminum alloys Al-Zn-Mg-
Cu suppresses the formation of the MgZn, phase in the
matrix. These findings contradict the present results ac-
cording to EDX and XRD analysis (i.e., numerous
MgZn, phases). Figure 6(a) shows the XRD plots for the

Open Access

alloy I sample after RRA. The intensity of the diffraction
peaks of phase Al;Ni; besides Al;sNijgFe;s, and Al;Ni,.
There are many peaks of the MgZn,, and Mg,Zn,; are
increased this because of the effects of steps the retro-
gression and reaging process which its details as follow-

MSA



708

Nickel under RRA Conditions

Microstructural Evaluation and Mechanical Properties of an Al-Zn-Mg-Cu-Alloy after Addition of

3000008
(b) ZAF Method Standardless Quantitative Analysis
27004 . Fitting Coefficient: 0.4628
Element (keV) mass% Error% At%
2400 4 Al . MgK 1.253 2.20 0.82 3.17
Ni AlK 1.486  56.11 0.76 72.91
2100+ ! FeK 6.398 0.42 1.81 0.26
Ni K 7.471 20.16 2.99 12.04
m1800- | CuK 8.040  18.63 399 1028
B | ZnK 8630 248 523 133
Total 100.00 100.00
1200 .
Ni
900 + Cu
600 | Zo +
'Ni Cu 7p
300 | || I
; g . [ L L L 1
X588 S8km 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.0
keV

Figure5. (a) SEM and (b) EDX scan of alloy | sample after RRA heat treatment.
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Figure 6. XRD plotsfor alloy | after as-quenched, T6 heat treatment, and RRA.

(AIMg4Zn;;) phase. Metastable 77 phase was the primary
precipitation hardening phase of these alloys. The pri-
mary precipitations in the matrix were the GP zones and
17(Mg,Zny,) phase after aging at T6. The XRD findings
for the samples after T6 and RRA (Figures 6(a) and (b))

ing: The generally accepted precipitation sequences for
7000 series aluminum alloys are as follows: [20,21]; su-
persaturated solid solution — coherent stable Guinier-
Preston (GP) zones — semi-coherent intermediate 77
(MgyZn;;) phase — incoherent stable 7(MgZn,) or T

Open Access MSA
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indicated high-intensity diffraction peaks in the MgZn,
and Mg,Zn,; phases. The primary precipitation phases in
the matrix (the fine and dispersive GP zone and 77 phase)
after its step first (120°C for 24 h) aging. While with the
RRA process and during retrogression period that the
un-dissolved GP zones transformed into the 7/(Mg,Zn;;)
or 17(MgZn,) phase and thus formed numerous GP zones
and 77 phases that were dissolved in the early stages of
another round of retrogression [22,23]. Finally, abundant
nuclei that promote the re-precipitation of the GP zones
and 77 phase in the re-aging step were mounted accord-
ing to the XRD results.

Figure 7 indicates to the strength of alloy I under dif-
ferent conditions. Treating the alloy I with T6 and RRA
yielded maximum gains of 200 MPa (T6) and 222 MPa
(RRA) in ultimate tensile strength (UTS).

Figure 8 indicates to the variations in the Vickers hard-
ness of the alloy specimens under different conditions.
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Figure 7. Variations in tensile strength of alloy | specimens
before and after different heat treatment conditions.
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Figure 8. Indicates the variations in the Vicker s har dness of
thealloy | specimensunder different conditions.
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Maximum gains of 97 and 102 HV (alloy I) in Vickers
hardness were obtained.

4. Discussion

The results indicated that the yield strength (YS), ulti-
mate tensile strength (UTS) and Vickers hardness (HV)
of alloy I substantially improved after T6 temper and
RRA. Enhancement of mechanical properties attribute to
two possible strengthening mechanisms to be considered
in this study. These mechanisms here are precipitation
hardening and dispersion strengthening of additives. The
precipitation hardening for the Al-Zn-Mg-Cu alloy is
attributed to influence of aging at T6 (120°C for 24 h)
that is the GP zones consistent with the nano-sized 77
metastable of precipitates which are acted as pinning
points that impede dislocation [22]. The strength of alloy
I sample after RRA significantly improved compared
with those of the T6 temper specimens. This improve-
ment is attributed to during retrogression period (180°C
for 30 min.) the partial dissolution of the pre-existing GP
zones can act as nucleation sites for 77 phase. The GP
zones and the remaining 1’ phase constantly grew during
reaging (120°C for 24 h). Further, dispersion strengthen-
ing can be described that the nickel-rich dispersoids par-
ticles are incoherent, dislocations circumvent or bypass
them. The relevant process was suggested by Orowan
mechanism [24]. The stress causes the dislocation to bow
out between the particles. If the stress is sufficiently high,
the dislocation has left a loop lead around each particle.
These loops lead to high work-hardening rates. The stress
required to move a dislocation around a particle is the
yield strength.

So the increase in the yield strength (YS) due to the
Orowan strengthening, AGy, or was given by Equation (1)
[25]:

Acy,Or =2Gb/Ld 1)

where, G is the shear modulus of the matrix, b is the
Burger’s vector of the dislocation; Ld is the interparticle
spacing of the dispersoids.

The application of the T6 temper and the RRA proc-
esses on alloy I containing Ni additives have resulted in
lower Ld spacing as compared to the Ld values of the
base alloy phases subjected to the same heat treatments
as shown by the in Table 3. Consequently according to
Equation (1), this resulted in higher yield strength for this
alloy.

5. Conclusions

1) The microstructure of the alloy I contained
AlsMg,Zny, ALL,CuMg, Mg,Zn;,, and MgZn, phases.
Adding nickel into the base alloy formed new dispersion
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Table 3. The XRD results for the compounds appearing in
thealloy | tested.

Typeof alloy Compounds d-spacing (A)
AlsMgy Zn, 2.35605
AlMg,Zn,, 2.34829
Base alloy ALCuMg 2.31249
Mg,Zny, 2.07419
MgZn, 2.16920
Al;CuyNi 2.04391
AlyNi; 2.01674
Alloy | AlsNijgFe;s 2.05108
Al;Ni, 2.00637
AlsoMg4sNi; 2.49186

particles, such as A17CU4Ni, A14Ni3, A175Ni|0F€|5, A1N13,
and A150Mg48Ni7.

2) RRA improved the YS of alloy I more significantly
than the T6 temper and significantly increased UTS (i.e.,
437 MPa).

3) The YS of alloy I was increased by the dispersion
phase particles (A17CU4Ni, A14Ni3, A175Ni|0F€|5, A13Ni2,
and Als)MgysNi;), which restricted the recrystallization
and grain growth.

4) The strengthening mechanisms of alloy I which was
precipitation hardening related to the alloying elements.
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