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Abstract: Nanocrystallized Al-10.0%Zn-3.0%Mg-1.8%Cu (mass fraction) alloy powder was prepared by cryomilling, and then the
nanostructured powder was consolidated into bulk material by spark plasma sintering (SPS). The microstructural evolution and phase
transformation were studied. A supersaturated face-centered cubic solid solution is formed after cryomilling for 10 h, and the average
grain size is 28 nm. Two typical nanostructures of the bulk nanostructured alloy are observed: primarily equiaxed grains with size of
150 nm, and occasionally occurring sub-micron grains up to 500 nm. Two types of MgZn, particles precipitate during consolidation.
One is the sub-micron particles distributed along the boundaries of the powders, and the other is fine particles with size of several
nanometers in the matrix, especially at the boundaries of sub-micron grains. These second phase particles can be completely

dissolved into matrix by proper solid solution treatment.

Key words: cryomilling; spark plasma sintering; nanostructured Al-Zn-Mg-Cu alloy; microstructural evolution; second phase

1 Introduction

Precipitation-strengthened 7xxx series Al alloys are
well applied in aeronautical field due to their excellent
mechanical properties[1], which are greatly influenced
by the morphology and distribution of precipitates.
Usually, optimizing heat treatment[2—4], increasing the
content of major alloying elements[5—6], and reducing
grain size[7—8] are employed to enhance the mechanical
properties of these alloys. Thereby, techniques such as
spray-forming[6—7] and powder metallurgy[8—9] are
widely used. However, the grain size of materials
obtained from these techniques is in the range of
micro-scale. The potential for enhancing the mechanical
properties of structural materials by reducing grain size
to nanosize has attracted considerable interests in recent
years. Thus, preparation of these aluminum alloys with
nanocrystallines is worthy to pay attention.

Now, mechanical alloying is the main approach to
fabricate nanocrystalline metal and alloy powders.
However, some difficulties arise during ball milling
ductile metals and their alloys due to the relatively

stronger tendency of powder particles to adhere to
container walls and sinter to form large millimeter-sized
particles, which arise from re-welding conducted by
localized high temperature. The introduction of cryogenic
liquid media during milling, namely cryomilling, can
effectively solve this problem[10]. Recently, cryomilling
has been noted to produce nanocrystalline aluminum and
its alloy powders[10—14]. And hot/cold isostatic pressing
and extrusion are usually employed to consolidate these
nanocrystalline powders to bulk nanostructured
materials[15-20]. However, prohibiting rapid grain
growth during conventional consolidations is still a
challenge. The previous investigations demonstrated that
the average grain size was normally increased by
130%—250% during extrusion following hot isostatic
pressing process as extrusion changed the arrangement of
the dispersions that pinned the grain boundaries[18].
Furthermore, the milled or cryomilled multi-phase
nanocrystalline alloy powders with a high content of
alloying elements are all in the state of supersaturated
solid solution. Precipitation occurs when these powders
are subjected to thermal consolidation. The velocity of
the precipitates is higher than that of the coarse crystal
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counterparts due to the high energy and the shorter
diffusion path in nanocrystalline materials. In the
conventional thermal consolidation process, the
precipitates coarsen excessively owing to the relative
higher temperature and long time. These coarse
precipitates reduce the mechanical properties and
increase the difficulty in heat treatments. Spark plasma
sintering(SPS) is a novel technique for rapidly sintering
powders. It can fabricate bulk nanostructured materials
with a relatively low temperature and very short
time[21-22]. Surface activation of powder particles in
SPS is conducted by pulsed current, which contributes to
the powders densification.

The purpose of this to prepare
nanostructured Al-Zn-Mg-Cu alloy by cryomilling and
SPS, and to investigate in detail the microstructure
evolution and second phase transformation behavior in
the nanostructured highly-alloyed Al-Zn-Mg-Cu alloy
during cryomilling and SPS.

work s

2 Experimental

Spray-atomized Al-Zn-Mg-Cu (10.0 Zn, 3.0 Mg, 1.8
Cu, and balance Al, mass fraction, %) powder with a
particle size less than 40 um was mechanically milled in
a liquid nitrogen environment for 3—10 h, and the
impeller was operated at 200 r/min. The stainless steel
balls with a diameter of 6.4 mm were used as the
grinding media with the ball-to-powder mass ratio of
25:1. Then, 8 g cryomilled powder was placed in a
cylindrical graphite die with a diameter of 20 mm.
Before sintering, the powder in the die was cold pressed
through the punches by a jack. The pressed powder was
consolidated using a SPS-3.20-MK-V SPS apparatus
under vacuum of 10 Pa. The sintering was assisted with
the uniaxial pressure of 30 MPa and the heating rate of
100 ‘C/min. The density of the SPSed samples is 2.934
g/em’. The sample was kept at the maximal temperature
of 500 ‘C for 120 s. The temperature, current, and
displacement variation rate as function of time were
recorded, as shown in Fig.1. Some samples were solid
solution treated at 445 °C, 30 min+470 ‘C, 30 min, then
quenched into ambient water.

The morphologies of powders and bulk samples
were investigated with ZEISS-SUPRASS field emission
gun (FEG) scanning electron microscope (SEM). The
grain size was measured by X-ray diffractometry (XRD)
and transmission electron microscopy (TEM). X-ray
diffraction measurements were conducted on a PHILIPS
APD-10 X-ray diffractometer equipped with a graphite
monochromator using Cu K, radiation. The grain size
was measured utilizing the integral breadth technique,
subtracting background and correcting for K, and
instrumental broadening. Five diffraction peaks were

0.04
1000 - 1— Temperature 3— Displacement
2— Current variation rate

b

@] 3 =
S 800F 1003 2
5 2
< k=
V] —
= 600 2 s
5 1 10.02 2
: =
< 400t 3
5 £
= 30.01 &
o 200F [a)

07100 200 300 400 500 600
Sintering time/s

Fig.1 Temperature, current, and displacement variation rate in

SPS consolidation as function of sintering time

used to determine the grain size through calculation of
peak broadening using linear fitting method[21].
Transmission electron microscopy (TEM) observations
were performed using a HITACHI H-800 microscope
operated at 160 kV.

3 Results and discussion

3.1 Microstructural evolution of as-atomized alloy
powder during cryomilling

Fig.2 reveals the structural evolution of the as-
atomized alloy powder during cryomilling. It can be seen
that Al diffraction peaks became weaker and broader
with the increase of cryomilling time, indicating that the
grain size of the alloy decreased and the microstrain
increased. Moreover, grain refinement process was
combined with the formation of supersaturated solid
solution. The diffraction peaks of MgZn, phase presented
in the XRD pattern of the spray-atomized powder, as
shown in Fig.2(a). It is worth noting that MgZn, could be
dissolved into the a(Al) lattice gradually during
cryomilling, as shown in Figs.2(b)—(d). A supersaturated
face-centered cubic solid solution was fabricated after
cryomilling for 10 h, as shown in Fig.2(d). Besides, the
diffraction peaks shifted toward lower diffraction angles
with the increase of cryomilling time, which also
illuminated that the MgZn, dissolved into the Al lattice.
The lattice constants of as-atomized and as-cryomilled
powders determined by XRD patterns were about 0.4058
and 0.4062 nm, respectively, which were slightly larger
than the lattice constant of the pure Al (0.4049 nm).

It is well known that mechanical alloying is capable
of forming supersaturated solid solutions due to the local
high temperature and enhanced diffusion within the
highly deformed structure. However, extremely low
temperature during cryomilling can restrain the diffusion.
Previous study had testified that solid solution was not
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Fig.2 XRD patterns of Al-10.0Zn-3.0Mg-1.8Cu alloy powders:
(a) As-atomized; (b) Cryomilled for 3 h; (c) Cryomilled for 6 h;
(d) Cryomilled for 10 h

formed via directly cryomilling elemental powders[23].
Concerning the pre-alloyed systems, ZHOU et al[10]
found that Mg and Sc atoms of the as-atomized
Al-Mg-Sc alloy powder dissolved in the fcc Al lattice by
analyzing the lattice constant of the cryomilled powder.
Our results further revealed that the second phases in the
aluminum alloy with high content of alloying elements
can dissolve into the matrix to form a supersaturated
solid solution during cryomilling. The formation of
supersaturated solid solution was probably attributed to
the peculiar nanostructure formed during cryomilling.
Though low temperature makes against the diffusion of
alloying element, it depresses the ductility of aluminum
alloy powders, which contributes to the production of
intensive interfacial defects by the impingement between
milling balls and powder particles. As a result, the
activation energies of diffusion decrease due to the
conducted severe distortion of lattice. Furthermore, the
nanocrystalline alloy powder prepared by cryomilling is
characterized by a high density of dislocations and non-
equilibrium state, both of which facilitate the diffusion.

3.2 Microstructures of alloy powders

Cryomilling, similar to the conventional mechanical
alloying process, includes the following stages:
flattening, fracturing, and welding of constituent
materials. The as-atomized Al-Zn-Mg-Cu alloy powder
particles were subjected to mechanical
deformation by colliding with milling balls during
cryomilling. In this procedure, the morphology of
particles as well as the microstructure changed. Fig.3
shows the variations of the particle morphology of the
as-atomized powder and the cryomilled powder. The
as-atomized powder particles were spherical with
diameter below 40 pm, as shown in Fig.3(a). After 10 h
cryomilling, the morphology of particles changed from

severe

Fig.3 SEM morphologies for Al-10.0Zn-3.0Mg-1.8Cu alloy
powders: (a) As-atomized; (b) Cryomilled for 10 h

regular spherical shape to irregular and flaky shape with
crevices and pores, and the size of particles increased to
70 pum, as shown in Fig.3(b).

Moreover, extremely small nanocrystalline grains
were yielded after 10 h cryomilling. The characterization
of grain size on these cryomilled powders was performed
by X-ray diffraction measurement and TEM
measurement. The values of volume-averaged crystallite
size(d) and root-mean-square(rms) strain <e>'? of the
cryomilled Al-Zn-Mg-Cu alloy powders were 28 nm and
1X107, respectively, examined by
analyzing the broadening of XRD peaks and the angular
dependence from Fig.2(d). Fig.4 shows the TEM image
for the cryomilled powder. The equiaxed grains were
randomly distributed. The values of grain size by two
methods were consistent with each other. The
corresponding selected-area diffraction (SAED) pattern
showed a continuous ring pattern, which indicated a
nanocrystalline structure. ZHOU et al[10—11] reported
that subdivision is the major mechanism in the
development of fine-grain microstructure by mechanical
attrition at cryogenic temperature, and grain rotation and
boundary sliding mechanisms[24] cannot be ruled out.

which were

3.3 Microstructure of SPS-processed sample

The cryomilled nanocrystalline aluminum alloy
powders are in nonequilibrium state. During
consolidating by SPS, the separation of the second phase
from supersaturated solid-solution and grain growth
occurred. The XRD pattern for the SPS-processed bulk
Al-Zn-Mg-Cu alloy sample is presented in Fig.5(a), from
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Fig.4 TEM image for as-cryomilled Al-10.0Zn-3.0Mg-1.8Cu
alloy powder with SAED pattern inserted

which one can see that the second phase particles, 7
(MgZn,), precipitated during the consolidation process.
These second phase particles disappeared after solid
solution treatment of 445 °C, 30 min+470 ‘C, 30 min, as
shown in Fig.5(b). Fig.6(a) shows the backscattered
SEM image of the SPS-processed sample, where a lot of
white spots with size of submicron distributed along the
boundaries of powder. These coarse second phase
particles in the matrix were believed to affect the
mechanical properties. Therefore, proper solid solution
treatment should be performed to eliminate these coarse
second phase particles. Fig.6(b) displays the BSE image
of the heat treated sample, in which nearly all the coarse
second phase particles are dissolved into the matrix. EDS
analysis indicated that a few residual white spots in
Fig.6(b) were alumina particles due to oxidation during
solid solution treatment. The results of XRD and
backscattered SEM indicated that the second phase
particles still precipitated from the matrix of the
cryomilled powders during SPS, and these second phase
particles could be dissolved using proper solid solution
treatments.

When comparing the XRD spectrum of the SPS
sample with that of the cryomilled powder (Fig.2(d)), it
was noted that the intensity of diffraction peaks was
reduced after SPS, indicating that grain growth or
microstrain release occurred during SPS. Fig.7(a) shows
the representative microstructure of the bulk sample. The
appearance of the grains was equiaxed with the average
grain size of 100—150 nm (determined by measuring 250
individual grains). It was worth noting that some coarse
grains with the maximum size up to 500 nm were also
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Fig.5 XRD patterns of Al-10.Zn-3.0Mg-1.8Cu alloy: (a) SPS-
processed; (b) Solid solution treatment after 445 “C, 30 min+
470 °C, 30 min

Fig.6 Back scattered SEM images of Al-10.0Zn-3.0Mg-1.8Cu
alloy: (a) SPS-processed sample; (b) Solid solution treated
sample

observed occasionally in the SPS-processed sample, as
shown in Fig.7(b). On the other hand, a number of fine
second phase particles were observed in the grain interior
and at the grain boundaries. The noticeable characteristic
was that some bigger second phase particles precipitated
on sub-micron grain boundaries, as marked by arrows in
Fig.7(b).

Although SPS is a hopeful consolidation technique
to retain the nanostructure of powders, grain growth rate
under the SPS is much higher than that under other hot
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200 nm

Fig.7 TEM images showing microstructure of bulk
nanostructured Al-10.0Zn-3.0Mg-1.8Cu alloy: (a) Fine-grained

area; (b) Sub-micron-grained zone

consolidations. LI and GAO[25] attributed this
phenomenon to two aspects. The applied pressure
accelerated the dynamic grain growth and the spark
discharge increased the surface activity of the particle.
But this phenomenon did not occur in the case of
vacuum hot pressing of the above mentioned aluminum
alloy powders at the same temperature. Thereby, it is
suggested that spark discharge is the primary factor,
which accelerates the grain growth in this special
sintering process. The effect of pulsed current on grain
growth has not been well understood. Joule heating,
mass transport enhancement due to electromigration or
defect generation, and clean grain boundaries by plasma

were suggested to contribute to the effect of pulsed
current on grain growth[26]. The local high current
density at these contact points of powders results in
extremely high temperature due to Joule heating, leading
to melting or severe grain growth in these regions.
Moreover, the surface activity of powders by spark
discharge accelerates the surface diffusion and makes the
grains grow quickly. The activation energy of grain
growth is reduced considerably by the improved grain
surfaces, hence the grain growth is difficult to avoid
during SPS. In one word, SPS is an effective method for
synthesizing bulk nanostructured metals and alloys, but
the densification mechanism of SPS process needs to be
further investigated.

4 Conclusions

1) Nanostructured Al-Zn-Mg-Cu alloy powder with
an average grain size of approximately 28 nm was
synthesized by cryomilling for 10 h.

2) A bulk nanostructured alloy was consolidated by
SPS at 500 C for 2 min. Two types of microstructures
were observed in the bulk samples: primarily, a random
dispersion of equiaxed grains with an average grain size
of 100—150 nm, and occasionally, sub-micron grains
with diameter of 300—500 nm.

3) A few of MgZn, particles in spray-atomized
powder could be gradually dissolved into the a(Al)
lattice to form the supersaturated solid solution after
cryomilling for 10 h. Two types of MgZn, particles
precipitated during SPS. One was the submicron
particles distributing along the boundaries of the
cyromilled powder, and the other was fine particles with
size of several nanometers in the matrix, especially at the
boundaries of sub-micron grains. These second phase
particles could be completely dissolved into matrix by
proper solid solution treatment.
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