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Hardness-Lattice Parameter Correlation for Aged Al-Zn-Mg Alloys
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Two ternary Al-2.2Zn-0.95Mg and Al-5.5Zn-2.1Mg (in wt pct) alloys, with Zn:Mg ratios close to 2.5 were
produced by conventional ingot casting metallurgy. The ingots were solution heat treated at 500◦C for 0.5 h
and aged at 180◦C for times between 0.5 and 80 h. The structural characterization was carried out by X-ray
diffraction (XRD), transmission electron microscopy (TEM), selected area electron diffraction (SAED) and
Vickers microhardness measurements (HV). The study was focused on the investigation of the precipitates
formation and the relationship between hardness and lattice parameter for α-Al. The results showed that
there was an inverse correlation for all the experimental conditions, and the aged peaks coincided with lattice
parameter minima. Significant precipitates formation only occurred for the alloy containing 5.5 wt pct Zn and
2.1 wt pct Mg, provoking an important strengthening and variations in the lattice parameter, however, this
was not observed for the alloy containing 2.2 wt pct Zn and 0.95 wt pct Mg. A plausible explanation of the
increment of hardness values could be the presence of a well distributed η phase (MgZn2). At initial stages of
the precipitation process, η′ was the most abundant precipitate while the phase τ was observed at overaged
conditions. These results showed that the aging response of the conventionally cast Al-Zn-Mg alloys could be
obtained using the lattice parameter of the α-Al matrix, even for alloy systems with low precipitates formation.

KEY WORDS: Aluminum alloy; X-ray diffraction; Precipitation; Lattice parameter; Hardness

1. Introduction

Precipitation hardening in aluminum was discov-
ered at about 100 years ago. Since then, differ-
ent hardenable aluminum alloys have been developed
and commercialized[1]. The 7XXX series is one of
the most widely used aluminum alloys being em-
ployed in diverse fields such as aerospace, space ex-
ploration, extreme sports, automotive, military and
nuclear industries[2]. The advantages of these alloys
are high strength, wide solution range for solution
treatment, age hardenability and readily weldable[2].
Chemical composition and heat treatment exert an
important influence on the mechanical properties for
these alloys. The most widely employed heat trea-
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tment is the T6, which consists of a solution treat-
ment followed by an aging required for the precipi-
tation of hardening constituents. The relatively high
solubility of Zn and Mg in aluminum makes it possi-
ble to produce a high density of precipitates, which
results in a strength enhancement. The usual precip-
itation sequence of 7XXX series can be summarized
as follows[3,4]:

Solid solution→Guinier preston zones
(GPZ)→Metastable η′→Stable η (MgZn2)

However, there are still considerable controversies
in the literature regarding the nature of the strength-
ening precipitates (i.e. GP zone, η′ or η) formed in
the heat treated commercial 7XXX series[5–8]. The
chemical composition of η phase is close to MgZn2,
and precipitates as nanosized particles after the T6
treatment. The precipitation of τ phase (Al2Mg3Zn3)
has also been reported[9–11]. T6 treatment seems to
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Table 1 Average chemical composition for the alloys produced (wt pct)

Zn Mg Cu Fe Mn Si V Al

C1 2.27 0.95 <0.01 0.04 <0.01 0.03 <0.01 Bal.

C2 5.53 2.14 <0.01 0.04 <0.01 0.03 <0.01 Bal.

be particularly suitable for alloys with high content of
alloying elements and Zn:Mg ratios above 2.0[12,13].
The response of a heat treatment for Al alloys can
be measured using different characterization methods
such as hardness, microscopy and X-ray diffraction
(XRD), which compile the resulting effect of con-
tributing factors for the strengthening of Al alloys:
solid solution, Hall-Petch hardening from the α-Al cell
size and precipitation hardening. Changes in lattice
parameters during aging have shown to yield useful
information about composition changes and precipi-
tated phases[14]. Lattice parameter can be changed
after quenching depending on the size of alloying el-
ements in solid solution, while the presence of pre-
cipitates provokes lattice parameter to decrease due
to compressive stresses. At overaging conditions, the
coalescence and growth of the precipitates cause their
incoherence and the stresses tend to disappear. Some
works reported lattice parameter determinations us-
ing XRD and its relationship with the precipitation
process for Al alloys, e.g. Al-Si-Mg[15], Al-Zn[16] and
Al-Si-Cu-Mg[17] alloys and, in general, a good corre-
lations between hardness and lattice parameter were
obtained under certain conditions. Lattice parameter-
hardness relationship resulting from precipitation has
not been reported in the literature for Al-Zn-Mg al-
loys. In the present work, we intend to gain further
insight by providing information about the relation-
ship between precipitation process and lattice para-
meter for alloys with low and high Zn+Mg contents.
Our objective is to investigate the precipitates forma-
tion during aging and their influence on the hardening
response, relating them with the matrix lattice para-
meter behavior. If a defined correlation between them
is found, the lattice parameter could be employed
to obtain aging response behavior under conditions
where hardness measurement is impossible, e.g. thin
ribbons.

2. Experimental

Two Al-Zn-Mg alloys were conventionally cast
using aluminum shots (>99.9% purity), zinc pel-
lets (>99.9% purity) and magnesium bars (>99.9%
purity). The alloys were produced in a Leybold-
Heraeus induction furnace with controlled argon
atmosphere with graphite crucibles. The molten
alloys were poured into a conventional mould
(10.0 cm×2.0 cm×4.0 cm) without preheating, to
avoid pore formation and metal oxidation inside the
furnace chamber. Chemical composition for the ex-
perimental alloys is shown in Table 1. As can be ob-
served, Zn:Mg ratios are similar, i.e. 2.4 for the alloy

C1 and 2.6 for the alloy C2. The ingots were ho-
mogenized at 500◦C for 24 h and laminated to obtain
homogeneous grains and minimize micro porosity and
segregation. The samples obtained after this process
were solution heat treated at 500◦C for 0.5 h in a
molten salt bath. It is worth mentioning that the se-
lected solution temperature is lower than the critical
dissolution temperature to avoid localized melting[1].

After the solution treatment, the samples were
quenched in water at room temperature (20◦C), in
order to freeze the microstructure, aged at 180◦C for
times ranging from 0.5 to 80 h and then cooled in
air. Assuming that the precipitation process should
change the microhardness even in the early stages of
the process, time vs microhardness was plotted. XRD
analysis was used to study the lattice parameter be-
havior. Fine details of microstructure were revealed
by transmission electron microscopy (TEM) and re-
lated to microhardness and lattice parameter plots.
XRD measurements were carried out in a Bruker AXS
D8 Advance diffractometer CuKα (λ=0.15418 nm),
operated at 35 kV and 30 mA. Silicon was used as
internal standard to determine lattice parameter for
α-Al matrix. TEM investigations were carried out in
a 120 kV JEOL 1200EX and in a 200 kV field emission
JEOL 2010 transmission electron microscope, respec-
tively. Specimens for TEM were prepared by dimpling
in a Gatan 656 Dimple Grinder followed by argon ion
milling using a Gatan 691 precision ion polishing sys-
tem. Microhardness measurements were made with
a Vickers diamond indenter in a Matsuzawa MXT30-
UL microhardness tester employing a load of 50 g for
30 s. Statistical procedures were carried out to ensure
repetitive and accurate results.

3. Results and Discussion

Figure 1(a) and (b) show the microhardness (con-
tinuous lines) and lattice parameter (discontinuous
lines) behaviors for the aged experimental alloys as
a function of aging time. For both alloys, the mi-
crohardness and lattice parameters follow inverse be-
haviors. For C1 alloy, the microhardness increases
until 4 h, reaching a maximum (close to 686 MPa) re-
maining without noticeable changes for further time
(Fig. 1(a)), while lattice parameter decreases down
to a value close to the lattice parameter of pure alu-
minum, which could be mainly attributed to the loss
of alloying elements in solid solution, leading to lat-
tice relaxation. The insufficient precipitation response
does not provoke lattice compression or significant mi-
crohardness improvement. This fact is related to a low
driving force originated for the insufficient Zn+Mg
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Fig. 1 Microhardness (continuous lines) and matrix lattice parameter (discontinuous lines) behaviors as a function
of aging time for the alloys C1 (a) and C2 (b), aged at 180◦C. Inverse correlations can be observed

Fig. 2 (a) Bright field TEM image for the C1 alloy (2.2 wt pct Zn and 0.95 wt pct Mg) aged at 180◦C for 4 h,
(b) the corresponding SAED pattern

content in solid solution. For C2 alloy, microhardness
significantly increases for short aging time (Fig. 1(b))
reaching 1274 MPa at 4 h (aging peak), while lattice
parameter decreases until reaching pure aluminum
lattice parameter. This could be the result of the loss
of alloying elements in solid solution besides precip-
itates formation. A wide formation of coherent and
semi-coherent precipitates at aging peak leads to lat-
tice compression, coinciding with the minimum lattice
parameter. When the alloy is overaged, the precipi-
tates coalesce and grow, losing their coherence. This
fact causes the matrix relaxation and the lattice pa-
rameter to reach the value of Al matrix. The increase
in Zn+Mg content from 3.2 to 7.6 (from 2.2 to 5.5 for
Zn and from 0.95 to 2.1 for Mg, in wt pct) leads to an
increase in the microhardness values of about twice.
These relationships show that the lattice parameter
measurements for Al-Zn-Mg alloys could be used to
analyze the microhardness and precipitation response
behaviors during aging.

TEM and selected area electron diffraction
(SAED) were used to analyze the presence of the
precipitates and its influence on hardness and ma-
trix lattice parameter. At initial stages of the aging
process, no precipitates were observed for the C1 alloy
(i.e. the alloy with lower Zn+Mg content), as shown
in Fig. 1(a). It can be seen that neither microhard-
ness nor lattice parameter has a significant variation.
Thus, we are speculating that at these stages, the
formation of η′ phase might have already occurred.
Similar results have also been reported in literature
[3] and [4]. After an aging time of 4 h (aging peak), a
small quantity of τ rods with 150-200 nm in diameter
was observed, as shown in the bright field TEM image
(Fig. 2(a)). Figure 2(b) shows the SAED analysis of
the encircled zone, the presence of η precipitates can
also be observed, which are not observable in TEM
image mode. The characteristic rings of τ and η are
shown in Table 2. The insufficient amount of precipi-
tates explains the low hardness improvement for this
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Fig. 3 (a) Bright field TEM image for the C2 alloy (5.5 wt pct Zn and 2.1 wt pct Mg) aged 0.5 h at 180◦C,
(b) SAED pattern remarking the presence of rings corresponding to η′ precipitates

Fig. 4 (a) Bright field TEM image for C2 alloy (5.5 wt pct Zn and 2.1 wt pct Mg) aged at 180◦C for 4 h (aged
peak), (b) the corresponding SAED pattern

Table 2 Relation between phases and rings observed in Fig. 2

Ring 1 2 3 4 5 6

Phase τ (134) η (021) η (006) η(220) η (232) η (120)

Table 3 Relation between phases and rings observed in Fig. 3

Ring 1 2 3 4 5

Phase η′ (112) η′ (120) η′ (302) η′ (403) η′ (150)

alloy and the lattice parameter behavior, mainly de-
pending on alloying elements content. The presence
of η in the peak aged condition instead of η′, could
be explained on the basis of high concentration of va-
cancies, which was originated during the processes of
rolling and solution heat treatment. This could ki-
netically modify the precipitation sequence reported
in the literature [3]–[7], where η′ is generally observed
in the aging peak.

For the alloy C2 (5.5 wt pct Zn and 2.1 wt pct
Mg), an important increase in the amount of pre-
cipitates can be observed for an aging time as short
as 0.5 h (Fig. 3(a)), corresponding to η′ precipitates
(Fig. 3(b)). The characteristic rings of η′ are shown
in Table 3. The increase in Zn+Mg content for this
alloy allowed the retention of higher concentrations
of these elements in the supersaturated solid solution
compared to that of the C1 alloy, leading to a higher



P. Fernandez et al.: J. Mater. Sci. Technol., 2010, 26(12), 1083–1088 1087

Fig. 5 (a) Bright field TEM image for C2 alloy (5.5 wt pct Zn and 2.1 wt pct Mg) aged at 180◦C for 47 h
(overaged), (b) the corresponding SAED pattern

precipitation response and microhardness improve-
ment. The loss of alloying elements in the super-
saturated solid solution leads to matrix relaxation,
explaining the lattice parameter values observed in
Fig. 1(b). Please note that no τ precipitates were
found.

Figure 4(a) and (b) show a bright field TEM im-
age of C2 alloy aged for 4 h (peak-aged) and a SAED
pattern corresponding to the precipitates. As can be
observed in Fig. 4(a), a high amount of precipitates is
evident, which could be associated to the high hard-
ness improvement for this alloy. The diffraction pat-
tern inset in Fig. 4(b) shows the spots corresponding
to α-Al and η phases. The presence of a high amount
of semi-coherent precipitates in the aging peak could
explain the minimum value of the lattice parameter
due to the matrix compression.

After aging the C2 alloy for 47 h (overaged con-
dition), the change of precipitates is rather visible,
as shown in Fig. 5(a). Certainly, not only η phase
is observed but also rod of 200 nm in diameter like
τ precipitates. It must be noted that the quantity
of η phase decreases. SAED pattern depicted in
Fig. 5(b) also shows some rings corresponding to τ
phase. The presence of non-coherent τ precipitates
provokes a matrix relaxation, reaching the value of
pure aluminum lattice parameter (Fig. 1(b)).

4. Conclusion

The results shown in this paper demonstrate the
feasibility of employing the lattice parameter for pre-
dicting aging response behavior in Al-Zn-Mg alloys.
For the 2.2Zn-0.95Mg alloy, an inverse correlation has
been found between microhardness and lattice para-
meter (the corresponding derivatives have opposite
signs). At higher Zn+Mg content, i.e. 5.5Zn-2.1Mg,

such correlation remains inverse but becomes com-
plex. It is thought that this complexity is originated
by a large amount of precipitates. The 2.2Zn-0.95Mg
alloy shows low values of microhardness due to a poor
precipitation response. The decreases of the lattice
parameter for this alloy could be associated to the
diffusion of alloying elements from the supersaturated
solid solution towards the precipitates. On the other
hand, when increasing the alloying elements for the
5.5Zn-2.1Mg alloy, the microhardness increases twice
its original value. The large precipitation observed
provokes a lattice compression, since the minimum
point of the lattice parameter coincides with maxi-
mum point of the aging peak. Lastly, the main pre-
cipitates found are η′ for low aging time, η for the
aged peaks and τ at overaged conditions.
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