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Abstract: A bulk nanostructured Al-10.0Zn-2.8Mg-1.8Cu alloy was synthesized by cryomilling first and then by spark plasma sin-
tering (SPS), and the effect of heat treatment on the microstructures and mechanical properties of this alloy were studied. Most 
MgZn2 particles with a coarse size lie on the grain boundaries of the SPS-processed sample. After solid solution and artificial aging, 
fine spherical-like MgZn2 particles precipitate uniformly in the grain interiors. No obvious grain growth is found after the heat treat-
ment. A nanoindentation study indicates that no clear change is found in the Yong’s modulus of the nanostructured alloy after the 
heat treatment. However, the hardness of the nanostructured alloy increases by about 33% after the heat treatment, which is attributed 
to the effect of precipitation-hardening. 
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1. Introduction 

Grain refinement and precipitation-hardening are 
two key approaches to improve the mechanical prop-
erties of some coarse alloys. According to the 
well-know Hell-Petch equation, there is an increase in 
strength with a decrease in grain size. The precipita-
tion-hardening in nanostructured alloys is a new field 
worthy of attentions. Recently, some studies on pre-
cipitation-hardening in ultrafine-grained materials 
have been performed on Al alloys using severe plastic 
deformation (SPD) combined with heat treatment 
[1-3]. The effect of second-phase particles on the me-
chanical properties of the alloys is similar to that in 
the coarse-grained counterparts. However, there has 
been little systemic work on the influence of sec-
ond-phase particles on the mechanical properties of 
nanostructured alloys, and the underlying mechanism 
associated with the effect of second-phase particles in 
the nanostructured matrix is not understood.  

The nanoindentation technique has been widely 

used in investigating the mechanical properties of 
various micromaterials at small scales since last dec-
ades [4-5]. Due to the small deforming volume, this 
technique is used particularly to investigate the hard-
ness, Yong’s modulus and the deformation mecha-
nisms of nanostructured or ultrafine-grained metals 
and alloys [6-8]. The purpose of this paper was to in-
vestigate the effect of second-phase particles on the 
microstructures and mechanical properties of bulk 
nanostructured Al alloys by nanoindentation and 
transmission electron microscopy (TEM) techniques.  

2. Experimental 

As-atomized Al-Zn-Mg-Cu (10.0 Zn, 2.8 Mg, 1.8 
Cu, balance Al, wt%) alloy powders with particle 
sizes of less than 40 μm were the predecessor. The 
nanocrystalline Al-Zn-Mg-Cu alloy powders were 
fabricated by mechanical milling in a liquid nitrogen 
medium, namely cryomilling. The details of this 
processing method can be found in Ref. [9]. The mill-
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ing was performed in an attritor with a ball (6.34 mm 
in diameter, GCr15 bearing steel)-to-powder ratio of 
30:1 for 10 h at a rotation speed of 200 rpm. The re-
sultant nanocrystalline powders were consolidated by 
spark plasma sintering (SPS) using a SPS-3.20-MK-V 
SPS apparatus under a vacuum of 10 Pa. The sintering 
was assisted with a uniaxial pressure of 50 MPa and a 
heating rate of 100°C/min. The samples were kept at 
the maximal temperature of 450°C for 120 s. The den-
sity of the SPS-processed sample was 2.86 g·cm−3, 
which was about 96% of the counterpart prepared by 
spray forming. For eliminating the coarse precipita-
tions, some samples were solution treated at 445°C/30 
min+470°C/30 min then quenched into ambient water. 
Subsequently, these samples were immediately aged 
at 120°C for 12 h.  

The quasi-static nanoindentation experiments using 
one loading-unloading cycle were performed at room 
temperature using a Nanoindenter II equipped with a 
Berkovich diamond indenter. The Berkovich diamond 
indenter was pressed into the surface of specimens up 
to 500 nm at the strain rate of 0.01 s−1. A displacement 
control mode was used to obtain the load-displace-
ment (P-h) curves. The thermal drift of the nanoin-
dentation equipment was less than 0.2 nm/s. 5 
indentation tests at one indentation condition were 
performed to give the statistic data of the experiment. 
The microstructure analysis of samples was carried 
out with a PHILIPS APD-10 X-ray diffractometer 
equipped with a graphite monochromator using Cu Kα 
radiation. TEM was performed with a JEM-2010 mi-
croscope operating at 160 kV. The TEM thin-foil 
specimens were prepared by the conventional twin-jet 
electropolishing technique using a 30vol% nitric acid 
plus a 70vol% methanol solution at −20°C and 20 V.  

3. Results and discussion 

3.1. Evolution of second phases  

Second phases play an important role in the micro-
structures and mechanical properties of multiphase 
alloys. Thereby, the evolution of second phases should 
be studied during synthesizing and heat treatment of 
the alloys. Fig. 1 shows the XRD patterns of the sam-
ples in different states. It can be seen that the cryo-
milled alloy powder is characterized by the 
face-centered cubic supersaturated solid solution, as 
shown in Fig. 1(a). XRD analysis [10] shows that the 
extremely small nanocrystalline microstructure with a 
grain size of about 23 nm forms in the Al alloy pow-
der after cryomilling for 10 h. During the process of 
consolidating by SPS, the precipitation of the sec-
ond-phase particles from the supersaturated solid so-

lution and the grain growth occur, as shown in Fig. 
1(b). One can see that MgZn2 peaks are present in the 
XRD pattern of the alloy. These MgZn2 particles are 
coarse and heterogeneous due to the high temperature 
of SPS, which will be shown later. To enhance the ef-
fect of the precipitation-hardening, proper solution 
treatment and artificial aging should be performed to 
eliminate these coarse MgZn2 particles. Fig. 1(c) 
shows the XRD pattern of the sample after solution 
treatment at the scheme of 445°C/30 min+470°C/30 
min. it can be seen that the diffusion peaks of MgZn2 
phase disappear, indicating that MgZn2 phase is dis-
solved into the Al matrix. After artificial aging at 
120°C for 12 h, MgZn2 phase precipitates again, as 
shown in Fig. 1(d).  

 
Fig. 1.  XRD patterns of samples: (a) as-cryomilled; (b) 
as-SPS-processed; (c) as-solution-treated; (d) as-aged. 

3.2. Microstructures of the nanostructured Al-Zn- 
Mg-Cu alloy 

Fig. 2(a) reveals the typical microstructure of the 
SPS-processed Al alloy sample, showing that the fine 
grains with the average grain size of about 200 nm are 
homogeneously distributed in the matrix. In addition, 
there are only a few of second-phase particles can be 
identified in the grain boundaries of the image with a 
low magnification. Fig. 2(b) shows a magnified mi-
crostructure of the SPS-processed sample. There are a 
larger number of coarse MgZn2 particles with the size 
of 50 nm in the grain boundaries, and a few of spheri-
cal-like MgZn2 particles in the grain interiors. Lots of 
coarse MgZn2 particles lie on the grain boundaries of 
the bigger grains. In addition, the distribution of the 
precipitations in the grain interiors is heterogeneous.  

Fig. 3(a) presents the primary microstructure of the 
heat-treated sample. One can see that the grain size 
keeps about 200 nm after the heat treatment, showing 
that the nanostructured Al-Zn-Mg-Cu alloy has a 
higher thermal stability. The high thermal stability of 
the nanostructured alloy is related to the pinning effect 
of second-phase particles on grain boundaries. The 
visible change is that a lot of MgZn2 particles precipi-
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tate dominantly in the grain interiors rather than on the 
grain boundaries. This phenomenon can be found ob-
viously in the image with a higher magnification, as 
shown in Fig. 3(b), in which a lot of fine spherical-like 
MgZn2 particles are present in the grain interiors. In 

addition, some spherical area of moiré fringes with 
size of about 20 nm can be seen in the same grain in-
teriors, as shown by white arrows, which indicates that 
some precipitations overlap together.  

   
Fig. 2.  Microstructures of the SPS-processed nanostructured Al-Zn-Mg-Cu alloy: (a) bright-field image; (b) high magnifi-
cation image showing distribution of precipitations. 

   
Fig. 3.  Microstructures of the aged nanostructured Al-Zn-Mg-Cu alloy: (a) bright-field image; (b) high magnification image 
showing distribution of precipitations. 

The cryomilled powders are in the state of 
nanocrystal and supersaturated solid solution. Grain 
growth and precipitation will occur during the follow-
ing hot consolidation. Joule heat conducted by plasma 
[11-13] and high density current [14] during the SPS 
are responsible for the high rate of grain growth and 
preferable precipitation of coarse MgZn2 particles in 
the grain boundaries. The grain size is about 200 nm, 
and lots of coarse MgZn2 particles lie on the grain 

boundaries in the SPS-processed samples, as shown in 
Fig. 2. After solution treatment and aging, the average 
grain size of the alloy sample prepared by SPS does 
not change obviously (Fig. 3). Moreover, one can see 
that a lot of fine spherical-like MgZn2 particles homo-
geneously precipitate in the grain interiors. Conse-
quently, the remarkable effect of heat treatment on the 
microstructures of the nanostructured Al-Zn-Mg- Cu 
alloys is the variation of the distribution and mor-



H.B. Chen et al., Effect of heat treatment on microstructures and mechanical… 675 

 

phology of MgZn2 particles. 

This high thermal stability would be related to the 
synthetic process and the pinning effect of second 
phases on the grain boundaries. Experiments show 
that the formation of oxide and nitride during cryo-
milling are responsible for the high thermal stability of 
nanostructured metals and alloys [15-17] by Zener 
pinning. However, the pinning effect of the oxide and 
nitride is limited due to small quantity. Fortunately, 
the quantity of MgZn2 particles in the grain bounda-
ries is very large, and the pinning effect of these 
MgZn2 particles is very effective [18]. The solute drag 
at the grain boundaries can also enhance the thermal 
stability of the alloy, though the pinning effect de-
creases due to the dissolution of these MgZn2 particles 
during the solution treatment.  

3.3. Nanoindentation testing 

Representative nanoindentation load-displacement 
curves of the bulk nanostructured Al-Zn-Mg-Cu alloy 
are shown in Fig. 4. Obviously, the load required to 
reach the same indentation depth in the heat-treated 
sample increases gradually. Figs. 5 and 6 show typical 
curves of Young’s modulus and hardness of the bulk 
nanostructured samples before and after the heat 
treatment, respectively. No clear change is found in 
the Yong’s modulus (E) of the nanostructured alloy 
after the heat treatment. However, the hardness (H) of 
the alloy increases obviously after the heat treatment. 
By averaging measurement data obtained from the in-
dentation depths ranging from 150 to 450 nm, the 
Young’s modulus of the as-SPS-processed sample is 
found to be 82.7±1.99 GPa, and 81.9±2.93 GPa for the 
as-aged sample. The propensity of the two values is 
equivalent with increasing indentation depth. The 
corresponding values of hardness are 2.17 GPa, and 
2.89 GPa, respectively. After the heat treatment, the 
hardness of the alloy increases by about 33%. The 
significantly increase in hardness of the alloy should 
be attributed to the effect of precipitation-hardening, 
which will be discussed later. 

The hardness of the coarse-grained counterpart 
prepared by spray forming is about 1.7 GPa. Accord-
ing to the Hall-Petch relationship ( 1/ 2

0 HH H k d −= + , 
where H is the hardness, H0 the inherent hardness, kH 
the constant and d the grain size), the hardness of an 
alloy can be significantly improved when the grain 
size reaches nanoscale. Falling short of our expecta-
tions, the SPS-processed sample does not reveal a 
high value of hardness, which is only 2.17 GPa. This 
phenomenon may be explained by the fact that a large 
number of coarse MgZn2 particles precipitate on the 
grain boundaries during the SPS. As a result, most 

elements for forming MgZn2 particles are depleted 
from the Al grain interiors. The smaller the grain size 
is, the more the coarse MgZn2 particles on the grain 
boundaries are. Consequently, the hardness of the al-
loy is not as high as supposed.  

 
Fig. 4.  P-h curves of the SPS-processed and aged nanos-
tructured Al-Zn-Mg-Cu alloys. 

 
Fig. 5.  Young’s modulus of the SPS-processed and aged 
nanostructured Al-Zn-Mg-Cu alloys. 

 
Fig. 6.  Hardness of the SPS-processed and aged nanos-
tructured Al-Zn-Mg-Cu alloy. 

For obtaining precipitation-hardening effect in 
nanostructured Al-Zn-Mg-Cu alloys fabricated by SPS, 
those coarse MgZn2 particles on the grain boundaries 
should be dissolved into the nanostructured matrix and 
redistributed in the grain interiors by an artificial ag-
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ing. Fig. 1(c) displays that a supersaturated solid solu-
tion is formed after the solution treatment, indicating 
that the MgZn2 phase is almost dissolved into the Al 
matrix. MgZn2 particles can be precipitated again 
during artificial aging. Compared Fig. 2(b) with Fig. 
3(b), it can be seen that the location and micrograph of 
MgZn2 particles in the heat treated sample are obvi-
ously different from that in the SPS-processed sample. 
In the heat treated sample, spherical MgZn2 particles 
are fine and precipitate homogenously in the grain in-
teriors rather than on the grain boundaries. Conse-
quently, there are apparent increments of the hardness 
and the load required to reach the same indentation 
depth in the heat treated sample. The hardness of the 
alloy after the heat treatment reaches 2.89 GPa, which 
is about 33% larger than that (2.17 GPa) of the alloy 
before the heat treatment. The experimental results 
show that the effect of precipitation-hardening in the 
nanostructured Al-10.0Zn-2.8Mg-1.8Cu alloys is sig-
nificant.  

4. Conclusions 

(1) The typical microstructure of the SPS-processed 
nanostructured Al alloy is composed of equiaxed 
grains with an average grain size of 200 nm. No ob-
vious grain growth is found after the solution treat-
ment and aging. The high grain size stability can be 
related to the solute drag and the pinning effect of 
MgZn2 in the grain boundaries. 

(2) Most MgZn2 particles with a coarse size lie on 
the grain boundaries for the SPS-processed nanos-
tructured Al-10.0Zn-2.8Mg-1.8Cu alloy. After solid 
solution and artificial aging, fine spherical-like MgZn2 
particles precipitate uniformly in the grain interiors. 

(3) Heat treatment can remarkably enhance the 
hardness of the bulk nanostructured aluminum alloys. 
The values of the heat treated and the SPS-processed 
samples are 2.89 GPa and 2.17 GPa, respectively, 
which can be attribute to precipitation-hardening in 
the nanostructured Al-10.0Zn-2.8Mg-1.8Cu alloys. 
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