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a b s t r a c t

Elemental powders of the composition Al–12 wt% Zn–3 wt% Mg–1.5 wt% Cu with addition of 1 and 2 wt%
Zr were ball milled in a planetary high-energy ball mill and then hot pressed in vacuum under 600 MPa
pressure at 380 ◦C. The effect of ball milling and hot pressing on the microstructure was investigated by
means of X-ray diffraction measurements (XRD), light microscopy, analytical and scanning transmission
electron microscopy (TEM). Ball milling for 80 h leads to homogenous, highly deformed microstructure of
aluminium solid solution with grain size below 100 nm. In the powder with zirconium addition, some part
of the Zr atoms diffused in aluminium up to 0.3 wt% Zr. The remaining was found to form Zr-rich particles
owder metallurgy
echanical alloying
icrostructure

EM
-ray diffraction

identified as face centered cubic (fcc) phase. Good quality samples without pores and cracks obtained
by hot pressing composed of grains and subgrains of size below 200 nm. The particles of MgZn2 phase
were identified which were located mainly between compacted particles of milled powder. Hot pressed
powder showed Vickers microhardness of about 195 HV (0.2 N) and ultimate compression strength in
the range 611–658 MPa in the compression test. Addition of zirconium had no influence on the strength

rs.
of the compacted powde

. Introduction

The 7XXX series (Al–Zn–Mg–Cu) aluminium alloys are widely
sed in the aircraft industry due to their low density, high strength
nd good workability [1]. Their strengthening increases with the
ncreasing concentration of major alloying components (Zn and

g) and is associated with a higher density of fine precipitates
f metastable �′-phase. The high solute (about 8 wt% of Zn) alloy
esignated AA 7055, V96ts-3 or C912 evokes the highest strength
luminium alloys produced by ingot metallurgy and find appli-
ation as upper wing skin materials in commercial aircraft [2–4].
lthough a limit of about 8 wt% Zn is imposed for conventional cast
aterials because of foundry problems as solute macrosegregation

nd cracking, higher Zn and Mg content could be achieved by using
ew production methods, such as powder metallurgy and spray
eposition. For example, super high strength Al–Zn–Mg–Cu alloy
ontaining up to 9 wt% of Zn was developed by compaction of atom-
zed powder and its ultimate tensile strength was about 900 MPa
5], while yield strength of about 850 MPa were reach for spray

eposited Al–Zn–Mg–Cu alloy with Zn content up to 12 wt% [6].

Aluminium based materials produced by powder metallurgy
PM) processing offer a number of interesting opportunities for high
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strength applications. Powder metallurgy enables to fabricate high
quality parts close to final dimensions with refined microstruc-
ture as compared with these produced by the conventional ingot
metallurgy [7,8]. Ball milling applied before the compaction allows
obtaining a very fine grain size in the nano-range and the extension
of the solid solubility limits of the elements added to the alloy [9]. It
results in an improved mechanical and corrosion properties of the
compacted products. PM technology provides more homogenous
distribution of precipitates and reduces particle size that makes
corrosion more uniform [10].

Addition of zirconium can improve the properties of 7XXX
series alloys by forming metastable, coherent with the matrix
Al3Zr dispersoids, which stabilized the grain structure and prevent
recrystallization [11]. The addition of higher than standard amount
of Zr into the Al alloy in order to enhance their advantageous effect
on the alloy properties is possible due to application of powder
metallurgy technologies. It was shown, that addition of 1 wt% of Zr
to Al–9 wt% Zn–3 wt% Mg–1.3 wt% Cu caused the tensile strength
increase up to 880 MPa [12].

The aim of the present investigation was to study the effect of
ball milling and hot pressing on the microstructure and properties
of the alloy with a high zinc and magnesium content Al–12 wt%
Zn–3 wt% Mg–1.5 wt% Cu with zirconium addition.
2. Experimental details

The mixtures of elemental powders of aluminium, zinc, magnesium, cop-
per and zirconium were used as starting materials to yield Al–12 wt% Zn–3 wt%
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Fig. 1. X-ray diffraction patterns for a sequence of as milled A-2 powder after various
milling time.

Fig. 2. Changes of morphology of A-2 powder par
nd Compounds 509S (2011) S304–S308 S305

Mg–1.5 wt% Cu (A-0), Al–12 wt% Zn–3 wt% Mg–1.5 wt% Cu–1 wt% Zr (A-1) and
Al–12 wt% Zn–3 wt% Mg–1.5 wt% Cu–2 wt% Zr (A-2) compositions. The ball milling
of the powder was performed in a planetary high-energy ball mill Fritsch – P5 in
an argon atmosphere using stainless steel balls with diameter 8 mm and a ball to
powder weight ratio of 10:1. The ball milled powder was hot pressed in vacuum
under 600 MPa pressure at 380 ◦C for 12 min. The microstructure of the ball milled
and compacted powder was investigated by means of X-ray diffraction measure-
ments (XRD) using Philips PW 1710 with CoK� radiation, light microscopy using
Leica QWin, analytical transmission electron microscopy (TEM) using FEI Tecnai
G2 microscope at 200 kV equipped with high-angle annular dark field scanning
transmission electron microscopy detector (HAADF-STEM) combined with energy
dispersive X-ray (EDX) EDAX microanalysis. The camera length of 200 mm was cho-
sen for the STEM mode, appropriate for Z-contrast HAADF imaging. In order to
prepare the TEM samples from the ball milled powder thin slices of the powders
embedded in kit recommended by Leica were cut using Leica EM UC6 ultramicro-
tome with a diamond knife and then placed on a carbon film supported by a copper
grid. A Tenupol-5 double-jet electropolisher was used for the thin-foil preparation
from the compacted powder in an electrolyte containing nitric acid and methanol
(1:3), at temperature −30 ◦C and voltage 15 V. Microhardness Vickers measurements
were performed using a CSM-Instruments microhardness tester. The Instron test-
ing machine with external measurement of the sample dimensions was used for
compression tests.
ticle during ball milling (light microscopy).
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ig. 3. TEM bright (a, c) and dark (b, d) field images of (a, b) A-0 powder after 80 h
re inserted (reflections of �(Al) phase are marked). Dark field images were taken u

. Results and discussion

The structure changes of the powders during ball milling process
ere examined using XRD measurements and light microscopy.

ig. 1 shows, as an example, the sequence of X-ray profiles of A-2
owder blend milled for different time intervals. The reflections of
ll constituent elements are identified in the initial powder, strong
eaks of aluminium and weak of zinc, magnesium, copper and zir-
onium. At first stage of milling the Mg and Zr lines disappeared,
hile Zn and Cu lines are present until 40 h of milling. After 20 h

f milling a new broad reflection occurred at about 37.8◦ (marked
y arrow in Fig. 1) whose intensity grew as milling proceeded. This
eak is not observed in the A-0 powder (without Zr) what means
hat it represents the Zr containing phase. Patterns for the investi-
ated powder showed a small broadening of �(Al) reflections with
ncreasing milling time, which might be a result of the deformation
nduced by the milling process and the grain refinement. The posi-
ion of the of �(Al) reflections slightly shifted towards the lower
ngles and the calculated lattice constant increased up to 4.057
ompared to 4.05 for that for initial Al powder due to the dissolution
f Zn, Mg and cu in Al solid solution.

Changes of the morphology of the A-2 powder during milling
rocess are shown in Fig. 2. At the first stage of ball milling, through
he collision with the balls, the particles of initial powders under-
ent deformation and their morphology changed from the initial

rregular shape, to flattened one. Then the welding mechanism of
attened particles dominated, leading to mixing of the elemental

owder which involves material transfer to obtain homogenous
lloy. During that time longer, more equiaxial and harder particles
as built which fractured after prolonged milling time. The average

ize of the powder particles milled 40 h were drastically reduced up
ling and (b, d) compacted A-0 powder; corresponding electron diffraction patterns
he portion of the 1 1 1 and 0 0 2 diffracted rings of �(Al).

to about 100 �m. As could be seen the particles were not homoge-
nous and the layers of different composition are visible inside the
particles (marked by arrows). This result is consistent with XRD
measurements and confirms that particles of initial powders weld
together but the mixing of the elements is not finished up to 40 h of
milling. Such inhomogeneity inside the particles was not observed
after 80 h of milling. Subsequent milling caused the further frag-
mentation of the powder particles and their estimated mean size
after 80 h of milling was about 20 �m.

The nanocrystalline structure was observed in the cross-section
of all investigated powders milled for 80 h. In Fig. 3a and b the TEM
bright (BF) and dark field (DF) images and selected area diffrac-
tion pattern (SADP) of the A-0 powder are shown. Microstructure
of grains of size less than 100 nm with rough grain boundaries
resulting of deformation during milling process could be seen. The
corresponding SADP consists of reflections lying on the rings and
only reflections of �-Al phase were observed and identified. The
objective aperture used to take DF image including the portion of
the 1 1 1 and 0 0 2 diffracted rings of �(Al) was marked in the SADF.

The zirconium rich particles were observed in the thin foils of
the powder A-1 and A-2. Fig. 4a shows a STEM-HAADF image of the
A-2 powder after 80 h of milling, in which the Zr-rich particles with
a bright contrast are well visible. The size of the Zr-rich particles
ranges from a few nanometers up to 200 nm. The chemical micro-
analysis performed for the particles lying on the edge of the thin
foil (to avoid the influence of the surrounding matrix) showed that
they were enriched in Zr and Cu (about 85 wt% of Zr, 14 wt% of Cu

and 1 wt% of Al). However, part of the Zr atoms diffused to the Al
solid solution which contained up to 0.3 wt% Zr.

Fig. 4b shows the bright-field TEM image and the SADP obtained
for the Zr-rich particle. The dh k l spacing’s (0.24 nm and 0.28 nm)
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of zirconium had no influence on the strength of the compacted
powders. In Fig. 7 the compression curve of the hot pressed A-2
powder is shown as an example.
ig. 4. (a) STEM-HAADF image of the cross-section of the A-2 powder ball milled
illed for 80 h; an fcc phase with zone axis close to [0 1 1] are identified.

stimated from the diffraction pattern and angles measured
etween the reflections allowed identifying the Zr-rich compound
s fcc phase with a lattice constant 0.48 nm. The proposed fcc phase
elped also to explain the additional reflection located at 37.8◦ in
he X-ray diffraction pattern in Fig. 1 which could be fitted to it
trongest (1 1 1) line. A metastable fcc phase with the lattice con-
tant 0.46 nm has been identified in a ball milled powder of pure Zr
13], while it is well known that zirconium exists as the �-(hcp) Zr
r �-(bcc) Zr crystal structure below and above 863 ◦C, respectively
14]. A similar fcc phase has also been observed in ball milled mix-
ure of Zr and Al powders [15], Al–Zr–Si alloy [16] and 6061 with
r addition powder [17].

The hot pressed powders in the form of disc, 20 mm in diam-
ter and 5 mm in height, were of a very good quality, almost
ithout pores and cracks. Fig. 5 shows the X-ray diffraction pat-

erns of the A-0 and A-2 ball milled and hot compacted powders.
esides of the aluminium solid solution lines the reflections iden-
ified as MgZn2 phase are clearly visible for both samples. Like in
he ball milled powder, reflection in the position 37.8◦ could be
een for the Zr containing sample. It means that the zirconium
ich particles are stable and did not change during hot compaction
rocess.

The grain size and distribution of the phases determined by TEM
bservations were similar for A-0, A-1 and A-2 compacted pow-
ers. TEM bright- and dark field images as well as SADP obtained

or compacted A-0 powder is presented in Fig. 3c and d, where ran-
omly distributed grains of the average size up to about 200 nm
ould be seen (the mean grain size increases as compared with the

ig. 5. X-ray patterns of A-0 and A-2 powders milled for 80 h and hot compacted.
h and (b) TEM bright-field image and electron diffraction pattern of A-2 powder

milled powders). Although the MgZn2 phase was identified in X-ray
diffraction pattern (Fig. 5), in the SADP only the �(Al) reflections
have been observed.

Distribution of the particles of additional phases was well vis-
ible in Z-contrast STEM-HAADF images, while in the conventional
TEM images they were difficult to recognize. STEM-HAADF image
of the A-0 compacted powder presented in Fig. 6 shows small parti-
cles of MgZn2 phase inside the grains. Occasionally larger particles
enriched in Fe, Cu and Zn were also observed.

The microhardness as well as the compression tests results for
A-0, A-1 and A-2 compacted powders are presented in Table 1.
The Vickers microhardness measurements were performed on the
cross section of the compacted powders. Hardness was determined
by the Oliver and Pharr method [18] and the mean value of the
microhardness calculated from 10 measurements are presented.
The microhardness about 195 HV characterizes all samples and is
consistent with the results of compression tests. The ultimate com-
pression strengths is about 650 MPa for A-0 and A-2 samples and
slightly lower (611 MPa) for A-1 sample. The Young’s modulus is
about 50 GPa for A-0 and A-1 samples and about 52 GPa for A-2. It
may be noted that the differences between the properties of investi-
gated samples are minimal. Thus, it can be concluded that addition
Fig. 6. STEM-HAADF images of the A-0 compacted powder.
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Table 1
Vickers microhardness [0.2 N] and compression tests results for A-0, A-1 and A-2 compacted powders.

Material Microhardness [HV 0.2 N] Ultimate compression strength [MPa] Young’s modulus [GPa]

A-0 194 ± 8 643
A-1 195 ± 8 611
A-2 192 ± 9 658

4
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Fig. 7. Compression curve of the hot pressed A-2 powder.

. Conclusions

. Ball milling of the elemental powder of the composition
Al–12 wt% Zn–3 wt% Mg–1.5 wt% Cu with addition of 1 and 2 wt%
Zr leads to homogenous mixture of nanocrystalline aluminium
solid solution of grain size about 100 nm after 80 h of milling.
The Zr and Cu rich particles of the fcc structure were identified
in Zr containing powders.

. Hot pressing in vacuum allows to obtain good quality disc
without pores and cracks contained regular grains of about

200 nm with well defined grain boundaries and reduced, com-
pared to milled powder, dislocation density. The MgZn2 phase
was identified in the compacted powder located inside the
grains.

[

[

[

50.1
50.2
52.3

. The microhardness about 195 HV (0.2 N) and the ultimate com-
pression strengths in the range 611–658 MPa were characterized
all investigated samples. Addition of zirconium had no influence
on the strength of the compacted powders.
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