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Study on the Precipitation Sequence in Al-Zn-Mg with Low Zn/Mg Aged at 200°C

Al-Zn-Mg alloys are known for their high strength-to-weight ratio. This study focuses on the changes in mechanical and 
microstructural properties in an alloy with a low Zn/Mg ratio. Micro Vickers hardness results showed that the alloy reached peak 
hardness during optimal aging, then gradually softened, which is typical of over-aging. TEM analysis focusing on the <110>Al 
revealed precipitates such as η, η', T, and T' phases that evolved as aging progressed. Initially, the precipitates couldn’t be observed, 
and by peak aging, the coexisting of η, η', T, and T' phases became dominant, playing a major role in the hardness. As the aging 
continued, the precipitates grew, while the number density decreased. This study offers insight into how precipitate phases affect 
the strength and properties of Al-Zn-Mg alloys when exposed to high temperatures.
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1. Introduction

The 7xxx series aluminum alloys, or Al-Zn-Mg alloys, are 
widely recognized for their high strength-to-weight ratio and 
ability to undergo age hardening. Their mechanical properties, 
such as hardness, can be enhanced by forming fine precipitates 
during the aging heat treatment [1] to improve their mechanical 
properties by controlling the microstructure. Alloys with dif-
ferent Zn/Mg ratios exhibit distinct precipitate phases. Alloys 
with higher Zn and Mg content show improved mechanical 
properties due to a higher density of precipitates per unit area 
[2]. During aging, the G. P. zone forms at room temperature, and 
it is believed that the metastable η' phase forms directly from the 
solid solution at temperatures around 100-120°C, and transforms 
into the stable η phase (MgZn2) [3,4]. The η' phase, which has 
a plate-like morphology and hexagonal structure, is considered 
the main strengthening precipitate in Al-Zn-Mg(-Cu) alloys 
with a high Zn/Mg ratio [3]. The η phase, with a polytype [5] of 
Laves phases, has at least 15 different types, depending on their 
orientation with the aluminum matrix, as well as differences in 
morphology and size [6]. Among these, η1, η2, and η4 are mostly 
observed precipitates in overaged Al-Zn-Mg alloys [7]. Allen and 
Vander [8] noted that the η4 phase is the most common crystal-

lographic variant of η phases, forming heterogeneously along 
dislocations. In contrast, the metastable T' phase (Mg3Zn3Al2 or 
Mg32(AlZn)49) is more common in alloys with a lower Zn/Mg 
ratio [3]. The T' phase rarely contributes to strength in these al-
loys and generally forms at high aging temperatures (above 200 
°C) or in severely overaged conditions [9]. The calculated SAED 
(Selected Area Electron Diffraction) pattern for the (110)Al plane 
and the positions of the η/η' phase and T/T' phase were identified 
based on references from Zou et al. [10] and Zhang et al. [11] 
in Fig. 1 (a). Based on their morphology and characteristics, 
the precipitates in the Al-Zn-Mg alloy were classified and sum-
marized in TABLE 1 [12-15].

Al-Zn-Mg with high Mg and aged at around 200°C were 
reported to be the condition that easy to form T/T' phase. Wang 
et al. [16] reviewed that the alloy composition has affected on 
the precipitation behavior of Al-Zn-Mg-Cu alloys. It suggests 
that increasing the Mg content can improve the volume fraction 
of precipitate phases during aging treatment, thereby enhanc-
ing yield strength. Yang et al. [17] reported an Al-Zn-Mg alloy 
strengthened by T phases, which exhibited excellent strength 
compared with alloy 7150 hardened by η-type phases. Zou et 
al. [18] reported that the clusters with different Zn/Mg ratios 
in Al-Zn-Mg-Cu showed different phase transformation path 
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and co-precipitation of η' and T' phase enhances the strengthen 
of the alloy. However, there are still limited research about the 
precipitation sequence which occurs in this codition.

In this study, Al-Zn-Mg alloys with total Zn and Mg content 
around 8 at.% and a Zn/Mg ratio of 0.5 were investigated. The 
alloys were also refined with Ti and Zr. The aim was to under-
stand how the high total at% of Zn and Mg, low Zn/Mg ratio 
and grain refiners affect age hardening and the microstructure, 
particularly at an aging temperature of around 200°C. Transmis-
sion electron microscopy (TEM) was used to observe the evolu-
tion of the microstructure, from the as-quenched state through 
various stages of aging.

2. Experimental procedure

An alloy labeled ZM35TZ, Z, M, T, and Z represents zinc 
(Zn), magnesium (Mg), titanium (Ti), and zirconium (Zr), respec-
tively. Numbers 3 and 5 are the atomic percentages of Zn and 
Mg, respectively. The detailed composition of the investigated 
alloy is shown in TABLE 2, and a phase diagram was created by 
Thermo-Calc 2024a as Fig. 1(b) as a reference for the equilibrium 
state in the thermomechanical process.

Fig. 1. (a) The stimulation of diffraction pattern of Al-Zn-Mg-Ti-Zr 
on taken from <110>Al (b) Phase diagram for ZM35TZ created by 
Thermo-Calc 2024a

This alloy was cast using a permanent steel mold, and the 
ingots were homogenized at 450℃ for 24 hours. According to 
the phase diagram in Fig. 1(b), the Al matrix with no precipitates 
in this condition. Sheets of 1.5 mm thickness and 15 mm width 
were extruded, followed by cold rolling into 1.0 mm thick sheets. 

The sheets were solution heat treated at 475℃ for 60 minutes 
in an air furnace and quenched into iced water. 4 conditions of 
hardness were as-quench and achieved by aging the material at 
200℃ in a silicone oil bath for 8 minutes, 64 minutes, and 2,000 
minutes. At 200℃, the T phase can form in the Al matrix as the 
stable phase. The as-quenched condition sheet measured grain 
size using a Hitachi S-3500H scanning electron microscope 
(SEM) equipped with Nordlys HKL Technology EBSD detector. 
Micro Vickers hardness measurements were conducted using 
a Mitutoyo HM-101, with a 100 g (0.98 N) load and a holding 
time of 15 seconds. For TEM observation, the samples prepared 
as disks with a diameter of 3 mm were punched out from as-
quenched and aged foils, which were thinned to around 35 μm 
through mechanical and electrolytic polishing in a solution of 
1/9 perchloric acid and 8/9 ethanol. These disks were further 
thinned to perforation using twin-jet electrolytic polishing on 
a Tenupol 3, in a solution of 1/3 nitric acid and 2/3 methanol, 
maintained between -30℃ and -25℃. TEM observations were 
conducted using a Topcon EM-002B microscope at an accelera-
tion voltage of 120 kV.

3. Results and Discussions

3.1. Micro Vickers hardness 

The Micro Vickers hardness results are shown in Fig. 2(a). 
The Micro Vickers hardness (HV) was measured over an extend-
ed aging period. As the aging process continued at 200°C, from 
2 minutes up to 100,000 minutes, the hardness initially measured 
around 90 HV in the as-quenched condition. In this condition, 
the microstructure can also be observed with SEM-EBSD with 
backscattered electrons as shown in Fig. 2(b). The crystal grain 
is fine with an avearage grain size of around 10.4 μm ± 4 along 
the hot extrusion way. It increased to a peak hardness of ap-
proximately 120 HV, followed by a gradual decline, reaching 
around 90 HV at approximately 40,000 minutes, and continuing 
to decrease afterward.

TABLE 1

The precipitates found in the Al-Zn-Mg alloy 

Precipitates Orientation relationship Morphology (Habit plane) Reference
η' (0001)η' //(11

–
1
–

)Al; (101
–
0)η' //(110)Al Plate on {111}Al [12,13]

η2 (0001)η' //(11
–

1
–

)Al; (101
–
0)η' //(110)Al Plate on {111}Al [12,13]

η4 (112
–

0η' //(11
–

1
–

)Al; [0001]η//[110]Al Rod/lath on {111}Al [12,13]
T' (T) (100)T//(111)Al; (010)T//(112)Al Globular, Cubic [12-15]

TABLE 2

ZM35TZ Chemical Composition

ZM35TZ
Element

Zn Mg Ti Zr Al Zn/Mg
at.% 2.79 5.61 0.01 0.01 Balance 0.50
wt.% 6.53 4.88 0.02 0.17 Balance 0.75
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3.2. TEM observation

According to the Micro Vickers hardness results, four con-
ditions were selected for the TEM observation to examine the 
transformation of the microstructures: as-quenched, before peak 
aging (approximately 8 minutes), at peak aging (approximately 
64 minutes) and, during overaging (approximately 2,000 min-

utes). Fig. 3(a) shows the SAED pattern at 64 minutes or peak 
aging and Fig. 3(b) zooms in the white rectangle with spots of 
precipitates, including the η', T', η, and T phases, which became 
stronger and well-defined than as-quenched and aging at 8 min-
utes which is shown in Fig. 4(a-b) and Fig. 4 (d-e). In Fig. 3(c), 
based on the morphology in TABLE 1, η', η2, η4 and T'/T phases 
were defined in the bright-field image. Morphologies of the η' 

Fig. 2. (a) Age-hardening curves of ZM35TZ aged at 200℃ (b) Backscattered electron image at the central area of ZM35TZ

Fig. 3. (a-b) SAED pattern of Al-Zn-Mg-Ti-Zr taken from <110>Al (c) The corresponded bright-field images in peak aging condition

Fig. 4. (a-b and d-e) SAED pattern of Al-Zn-Mg-Ti-Zr taken from <110>Al (c and f) The corresponded bright-field images in as quench condition 
and aged at 8 minutes condition respectively
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or η2 phase which is plate-like hexagonal shapes are observed. 
η4 phases which had a rod shape are long and large. High Zn 
content alloys in peak-aged conditions exhibit a higher density 
of T' phases and a smaller proportion of plate-like η' phases [19]. 
The main precipitate in this condition with a high number density 
is the T'/T phase. T'/T phases which are cubic and rectangular 
are observed. Both η'/η and T'/T phases were co-existed. This 
co-precipitation leads to optimal hardness [17].

In the as-quenched condition (observed within 6 hours 
after quenching), the diffraction of Al3Zr dispersoids appeared 
bright and prominent, as shown in Fig. 4(a), and zoom in the 
white rectangle as shown in Fig. 4(b). The bright field image 
in Fig. 4(c) reveals Al3Zr dispersoids and some small clusters 
and precipitates. After 8 minutes of aging, there were faint dif-
fraction spots of the T'/T phase starting to emerge in Fig. 4(d) 
and zoomed in the white rectangle as shown in Fig. 4(e). In the 
Fig. 4(f), the precipitates were still smaller than precipitates in 
the peak aging, taking on cubic, and rectangular shapes assumed 
to be T'/T phases while the precipitates grew larger in rod and 
plate-liked shapes assumed to be η'/η phase. However, in this 
condition, we couldn’t differentiate between the η'/η phases, and 
T'/T phases since all sizes and shapes were quite similar.

By the over-aging condition at 2,000 minutes, most known 
precipitate spots remained bright which were defined as η'/η 
phases, and T'/T phases (Fig. 5(a) and zoom in the white rectan-
gle as shown in Fig. 5(b)). The T'/T phases’ spots are stronger 
than η'/η phases’ spots. This can mean the density of T'/T phases 
is higher than η'/η phases. However, in the bright field im-
ages (Fig. 5(c-d)) was observed that the number density of the 
η'/η phases is higher than the number density of T'/T phases. 
Fig. 5(c) and zoom in the white rectangle as shown in Fig. 5(d), 

these bright field images show that η phase and T phase became 
significantly larger than the peak-aging condition. Compared to 
peak aging condition, defined η', η2, η4 and T'/T phases were still 
observed but other undefined η phases were observed.

Fig. 6(a) shows the relationship between the number density 
and the aging time. As the aging time increased, the number 
density, and size of precipitates grew, as shown in Fig. 6(a). The 
number density in percentage which calculated as 100% at the 
peak aging condition. The number density of clusters increased 
steadily from the as-quenched condition and decreased after 
peak aging. The number density of T'/T phases also increased 
and decreased after peak aging which can assume to continue in 
over aging. On the other hand, the number density of η'/η phases 
increased and stayed constant after the peak aging. Fig. 6(b) 
shows that the size of the η'/η and T'/T phases increased until 
peak aging. Both types of precipitates are quite similar. However, 
in the over-aging condition, the size of the η'/η phases increased 
significantly, while the T'/T phase grew more slowly. Since the 
hardness of the alloy decreased in over-aging with the larger size 
of the precipitates, especially the size of η phases that suddenly 
increased while the size of T phases constantly increased. Based 
on the phase diagram in Fig. 1(b), the equilibrium condition is 
supposed to be the T phase. However, according to our observa-
tion, it can be assumed that η phases expand, while some T phases 
dissolve back into the matrix, with some atoms integrating into 
other phases such as η4 that become longer and laregr during 
overaging condition.

The precipitation sequence focusing on <110>Al observed 
in this study is summarized in the schematic in Fig. 7. After solu-
tion heat treatment and quenching, no precipitates are visible but 
G. P. zones are likely to form as precursors for age-hardening 

Fig. 5. (a-b) SAED pattern of Al-Zn-Mg-Ti-Zr taken from <110>Al (c-d) The corresponded bright-field images in over aging condition
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phases such as the η' and T' phases, even though they were not 
directly observed (Fig. 7(a)). With the start of artificial aging, by 8 
minutes (Fig. 7(b)), G. P. zones and small precipitates are present. 
These precipitates can be metastable phases (η' and T' phase) and 
stable phases (η and T phase). At 64 minutes (Fig. 7(c)), which 
corresponds to peak aging, G. P. zones transform into precipitates 
(η', T', η and T phase), primarily T' and T phases. Finally, in the 
over-aged condition (Fig. 7(d)), the precipitates grow larger while 
their number density decreases. During the overaging, the needle-
like precipitates become coarsen, increase the average size and 
over-aged alloys indirectly suggest that the matrix precipitates are 
dissolved [20]. Additionally, substitutions can alter the phase’s 
stability and transformation pathways which can lead to the 
formation of precipitates with varying compositions [21]. Since 
the number density of the T phase decreases while the η phase’s 
size becomes larger. T phases may dissolve into the matrix and 
some atoms combine with the former η phase. Therefore, the η 
phase may change from MgZn2 to Al-Zn-Mg precipitates due 
to the combination of dissolved T phase. Otherwise, the size of 
η phase become larger by the former atoms inside the matrix.

4. Conclusions

In this study, due to the low Zn/Mg ratio of this alloy and 
its aging at a high temperature (around 200°C), the precipita-
tion behavior was analyzed. The main precipitates observed 
are the T' and T phases, which start to appear after 8 minutes 
of aging. At peak aging, T' and T phases take on distinct cubic 
and rectangular shapes. As aging progresses, the precipitates 
continuously increase in size and become more rounded. The η/η' 
phases, particularly η4 phases with rod-shaped precipitates are 
prominently observed during peak aging. In this stage, η4 phases 
elongated and grew longitudinally, resulting in sharper and more 
defined structures. At peak-aging hardness, the coexisting meta-
stable phases (η' and T') contribute significantly to strengthening 
by impeding dislocation motion and achieving the peak-aging 
hardness. The size of the precipitates likely plays a key role in 
reaching optimal hardness, with specific types and sizes of pre-
cipitates contributing to the hardness. In the over-aging stage, 
the precipitates grew excessively large. The η phases expanded 
while the T phases may dissolve into the matrix or combined 

Fig. 6. (a) The relationship between the number density of precipitates and aging time (b) The relationship between size of η/η' and T/T' phases 
and aging time

Fig. 7. Schematic of ZM35TZ precipitation sequence aged at 200℃ from as-quenched to 2,000 minutes
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with the former phases such as η phases leading to a decreased 
number density of precipitates. The former η phase may change 
from MgZn2 to Al-Zn-Mg precipitates due to the incorporation 
of elements from the dissovled T phase during over-aging.
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