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The microstructure of an aluminum alloy containing 53 wt% Zn, 2.1 wt% Mg and 1.3 wt% Cu as main alloying
elements has been studied with the focus on the precipitation behavior during the spark plasma sintering process.
The starting material was an atomized Al�Zn�Mg�Cu powder with the particle size below 50 µm. The parti-
cles showed a solidi�cation microstructure from cellular to columnar or equiaxed dendritic morphology with a
large fraction of the alloying elements segregated in form of intermetallic phases, mainly (Zn,Al,Cu)49Mg32 and
Mg2(Zn,Al,Cu)11, at the cell and dendrite boundaries. The microstructure of the sintered specimens followed the
microstructure of the initial powder. However, Mg(Zn,Al,Cu)2 precipitates evolve at the expense of the initial
precipitate phases. The precipitates which were initially continuously distributed along the intercellular and in-
terdendritic boundaries form discrete chain-like structures in the sintered samples. Additionally, �ne precipitates
created during the sintering process evolve at the new low-angle boundaries. The large fraction of precipitates at
the grain boundaries and especially at the former particle boundaries could not be solved into the matrix applying
a usual solid solution heat treatment. A bending test reveals low ductility and strength. The mechanical proper-
ties su�er from the precipitates at former particle boundaries leading to fracture after an outer �ber tensile strain
of 3.8%.
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1. Introduction

Lightweight Al�Zn�Mg�Cu alloys are used for their
high strength and ductility in various industrial appli-
cations. As their mechanical properties strongly depend
on the precipitation characteristics, the microstructure
of the Al�Zn�Mg�Cu alloys can be optimized following
the precipitation sequence: supersaturated solid solution
(SSSS) → Guinier Preston zones (GP I, II) → η′-phase
→ ηMgZn2 [1, 2]. This precipitation sequence is pro-
vided when nucleation occurs homogeneously. Addi-
tionally, the precipitation of η′-phase and η-MgZn2 oc-
curs preferentially heterogeneously at grain boundaries
and microstructure defects as dislocations which are in-
duced by material processing that involves plastic defor-
mation [3�5]. However, for high strength and high duc-
tility a microstructure containing �ne GP and coarser
η′-precipitates in the grain interior is favourable [6, 7].
Consequently, a T6 heat treatment consisting of a solid
solution treatment, usually for 1 h at 470 to 500 ◦C and
subsequent quenching in water is applied to form a solid
solution and annihilate the dislocations [3, 7, 8]. It is
followed by a controlled ageing step during which new
precipitates form in the grain interior [1, 2, 4, 7, 8].
The ageing time and temperature in�uence the chemi-
cal and phase composition as well as the quantity and
size of the precipitates [1, 9].
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Figure 1 shows the basic development of the precipi-
tations starting from the initial SSSS. The phase �elds
of the intermetallics are very narrow in the low alloy
content range, thus also Mg2Zn11 and (Al,Zn)49Mg32
can occur next to η-MgZn2 [10]. In the Al�Zn�Cu�
Mg system, the intermetallic phases form an isomorph
series with the intermetallic phases known from the
Al�Zn�Mg system; Zn is partially substituted by Cu:
Mg(Zn,Al,Cu)2 (P63/mmc), (Zn,Al,Cu)49Mg32 (Im-3)
and Mg2(Zn,Al,Cu)11 (Pm-3) [11�13]. In order to in-
vestigate the precipitation behavior in samples prepared
using the spark plasma sintering technique, an Al�Zn�
Mg�Cu alloy powder was compacted and the microstruc-
ture evolution and mechanical properties were studied.

Fig. 1. Schematic precipitation sequence in the
Al�Zn�Mg�Cu alloys related to the hardness or critical
resolved shear stress (crss) as a function of time and
temperature [1, 9].

(602)

http://dx.doi.org/10.12693/APhysPolA.128.602
mailto:Hanka.Becker@iww.tu-freiberg.de
mailto:Hanka.Becker@iww.tu-freiberg.de


Microstructure and Properties of Spark Plasma Sintered. . . 603

2. Experimental details

The Al�Zn�Mg�Cu powder was atomized in an Ar
stream. The sieved powder with particle sizes below
50 µm was used for further experiments. The powder
composition is given in the Table. The powder was com-
pacted using the spark plasma sintering/�eld assisted sin-
tering technology (SPS/FAST) device FCT SPS-HP25
(FCT Systeme GmbH). The sintering was done in vac-
uum at the load on the piston of 80 MPa. The sintering
temperatures ranged between 698 K and 823 K. The stan-
dard sintering time was 3 min. Additional samples were
sintered at 698 K and 748 K for 20 min. One specimen
sintered at 823 K for 3 min was subsequently annealed in
vacuum for 1 h at 743 K and quenched into water in order
to examine the in�uence of longer sintering or annealing
times on the precipitations.
The cross-sections of the sintered and annealed samples

were ground and polished down to colloidal silica suspen-
sion. The morphology and microstructure of the speci-
mens were investigated using the high-resolution �eld-
emission scanning electron microscope (SEM) LEO 1530
(Carl Zeiss). It was equipped with a Nordlys II (Oxford
Instruments) detector for electron backscattered di�rac-
tion (EBSD) measurement. The HKL Channel 5 soft-
ware (Oxford Instruments) was used for pattern acquisi-
tion and indexing. To study the �ne details of the sam-
ple microstructure scanning transmission electron mi-
croscopy (STEM) was done on a 200 kV analytical high-
resolution transmission electron microscope JEM 2010
FEF (JEOL). To obtain information about the phase
composition X-ray di�raction (XRD) measurements were
carried out on a conventional para-focusing Bragg-
Brentano di�ractometer URD-6 (from Seifert/Freiberger
Praezisionsmechanik), which was equipped with a sealed
X-ray tube with Cu anode and a graphite monochroma-
tor in the di�racted beam A four point bending test was
performed to correlate the microstructure with the me-
chanical properties of specimens.

TABLE

Overall chemical composition of the Al�Zn�Mg�Cu alloy
determined using the SEM/EDX averaged over a sample
area of 80× 60 µm2.

Element Zn Mg Cu Fe Si Al

weight% 5.31±0.2 2.09±0.2 1.34±0.05 0.4±0.02 0.65±0.05 balance

3. Results and discussion

3.1. Microstructure evolution

The spherical particles of atomized Al�Zn�Mg�Cu
powder show a solidi�cation microstructure from cellu-
lar to columnar or equiaxed dendritic with a large frac-
tion of the alloying elements continuously segregated in
form of intermetallic phases at the cell, column and den-
drite boundaries (Fig. 2). The boundary regions con-
sist mainly of (Zn,Al,Cu)49Mg32 with a low fraction of
Mg2(Zn,Al,Cu)11 as identi�ed by XRD (Fig. 3b). Addi-
tionally, Al13Fe4, Al7Cu4Fe, and Mg2Si precipitates were

Fig. 2. SEM micrographs of atomized Al�Zn�Mg�Cu
powder, (a) secondary electron (SE) contrast of the
spherical powder particles (b) backscattered electron
(BSE) contrast of a particle crosssection showing the
cellular to columnar or equiaxed dendritic morphology
whose dimensions are indicated by the black lines in (c).
The continuous segregation of the alloying elements is
highlighted in part (d).

Fig. 3. (a) SEM/BSE micrograph of the sample sin-
tered at 823 K for 3 min. The pressure application direc-
tion during SPS is indicated by the white arrows. (b) 2θ
sections from 35◦ to 47◦ of the XRD patterns showing
the phase evolution of dominant precipitation phases
(c) STEM micrograph showing high angle boundary
precipitates (white arrows), (d) STEM micrograph with
precipitates evolved from segregation regions with the
same crystallographic orientation on both sides of ini-
tially continuous segregation (white arrows) and small
angle boundary precipitates (black arrows).

found as a consequence of impurity elements Fe and Si
in the starting powder.
The morphology and microstructure of sintered speci-

mens follow the microstructure of the powder. The pre-
cipitates, which were initially continuously segregated
along the intercellular or -dendritic boundary regions
(Fig. 2b�d), form discrete, chain-like structures in the
sintered samples (Fig. 3a). In addition to the precipi-
tates in the powder, the fraction of (Zn,Al,Cu)49Mg32 de-
creased at the expense of Mg(Zn,Al,Cu)2, which evolved
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in the sintered specimens (Fig. 3b). The impurity phases
remained unchanged. The precipitates at the former par-
ticle surfaces and between grains are lens-shaped and
larger (approximately 1 µm in longer direction) than
the precipitates (approximately 150 to 200 nm), which
evolve from the segregation regions where the same crys-
tallographic orientation was on both sides of the initially
continuous segregation (Fig. 3c,d). After sintering, the
grains have a mean size of approximately 6 µm in the di-
rection of the applied pressure and approximately 7.5 µm
in the perpendicular direction. Accordingly, the deforma-
tion induced by the loading during SPS leads to a weak
sintering 〈110〉 texture, which is in agreement to the com-
pression texture in fcc metals [14]. The generated dislo-
cations form low angle boundaries < 5◦, which act as
preferential heterogeneous nucleation sites for arrays of
very small < 50 nm precipitates (Fig. 3d). This �nding
is in a good agreement with results published in [4, 5].
A similar microstructure was also observed in the sam-
ples, which were SPS sintered for 20 min, and in the SPS
samples, which were annealed in vacuum and quenched in
water. Mondal and Mukhopadyay [12] reported that the
solubility is very sensitive to the alloy composition in Al�
Zn�Mg�Cu as the phase �elds are very narrow in the low
alloy range (< 5 at.% Zn, < 5 at.%Mg, < 5 at.% Cu) [10].
Depending on the exact chemical composition the precip-
itates cannot be solved [15] or it takes longer than 24 h
to form a solid solution [12, 16]. The precipitates con-
taining the impurity elements Si and Fe are stable to
higher temperatures than the applied heat treatment
temperatures [16, 17].

3.2. Mechanical properties and observation of the
deformation mechanism

The bending test revealed a 0.2% yield strength of
about 150 MPa which is extremely low in comparison
to the optimized microstructural state [7]. It is com-
prehensible because the microstructure under investiga-
tion is comparable to the microstructure received at the
long time region of the curve in Fig. 1. The bending

Fig. 4. (a) SEM/SE micrograph of the fracture surface
and (b) SEM in BSE contrast showing the crack located
between former powder particles. The outer �ber tensile
stress direction is indicated by white arrows.

leads to the fracture already after an outer �ber tensile
strain of 3.8% at an outer �ber tensile stress of approx-
imately 300 MPa. The fracture surface and the outer
�ber tensile surface show that the failure occurred pref-
erentially between the former powder particles where the
largest precipitates have formed (Fig. 4a,b). The fail-
ure at low strains is usually attributed to intermetallic
precipitates at grain boundaries [6]. Because the mi-
crostructure of the SPS samples changed substantially
neither after a �long-time� spark plasma sintering nor af-
ter the vacuum heat treatment and the quenching, the
mechanical properties of these alternatively treated sam-
ples were comparable with the samples subjected to the
short-time SPS process.

4. Conclusions

The microstructure of an Al�Zn�Mg�Cu alloy was in-
vestigated in the original state as an atomized powder
and after compaction using the spark plasma sintering
process. In the solidi�cation microstructure of the origi-
nal state, precipitates with a high content of alloying el-
ements are continuously segregated between the cell, col-
umn and dendrite structure. After the spark plasma sin-
tering, chain-like arranged precipitates form, which are
arranged along the locations of former segregations. Ad-
ditionally, favored precipitation at dislocations arranged
in low angle boundaries was observed. The sintered sam-
ples exhibit low ductility and strength. Especially, the in-
termetallic precipitates between the initial particles lead
to fracture at low strains.
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