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On the effect of interrupted 
ageing (T6I4) on the mechanical 
properties of AA6351 and 
AA7050 alloys
Abstract

The mechanical properties of age-hardenable aluminum alloys are strongly influ-
enced by the volume fraction, size and spacing of hardening precipitates. In addition, 
researches have shown that interrupted ageing (T6I4) could benefit the hardening re-
sponse of these alloys. Interrupted ageing is a term generally used for the microstruc-
tural development process of an alloy aged at a reduced temperature after partially 
aged at a higher temperature. Thus, this process produces a change in the mechanical 
properties of the alloy. In this study, the precipitate structures and mechanical proper-
ties of AA6351 and AA7050 alloys were investigated. Transmission electron micros-
copy analyses of the hardening precipitates were carried out. Hardness and tensile 
properties were performed to compare the effect of disrupted ageing on AA6351-T6 
/ AA6351-T6I4 and AA7050-T7451 / AA7050-T6I4 alloys. AA6351-T6I4 showed a 
higher volumetric fraction of hardening precipitates with heterogeneous size and resis-
tance lower than AA6351-T6. In addition, AA7050-T6I4 showed a higher volumetric 
fraction of hardening precipitates with smaller size and similar resistance to AA7050-
T7451. However, in both cases, interrupted ageing contributed to increase ductility 
and toughness.
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The 6xxx (Al–Mg–Si) and 7xxx 
(Al–Zn–Mg–Cu) series aluminum alloys 
are widely applied in the automotive and 
aircraft manufacturing due to their high 
strength to density ratio that allows the 
weight reduction of structures (Buha et 
al., 2008; Chen et al., 2013; Maeda et 
al., 2018). The changes in the aluminum 
alloys microstructure cause remarkable 
modifications in their properties (Souza 
et al., 2012). The hardening response of 
these alloys is substantially influenced by 
the size, shape and volume fraction of 
the hardening precipitates formed during 
ageing (Jiang et al., 2016). In addition, 
the hardening of these alloys increases 
with the amount of alloying elements by 
the modification of the microstructure 
(Mrówka-Nowotnik and Sieniawski, 
2005). For example, the addition of 
0.6% of copper to the 6082 Al–Mg–Si 

alloy increases the peak hardness as well 
as decreases the time to achieve the peak 
hardness (Man et al., 2007). Moreover, 
the addition of Ti combined with mechani-
cal alloy also increased the hardness of 
the AA7050 alloy (Cardoso et al., 2007).

 In fact, the precipitate structure 
control (size, shape and volume fraction) 
provided by the ageing treatments allows 
to achieve suitable combinations of prop-
erties for different applications. Therefore, 
investigations of hardening precipitates 
and hardening response of aluminum 
alloys resulting from different heat treat-
ments, such as presented in this study, are 
essential to improve their selection and 
proper application. Taking this into ac-
count, several heat treatments have been 
developed for precipitation-hardenable 
aluminum alloys (Chen et al., 2013), in-
cluding the interrupted ageing treatment 

(T6I4) (Risanti et al., 2009). In T6I4 treat-
ment, “I” represents an interruption of the 
T6 condition by quenching and “4” is used 
to indicate ageing at ambient temperature 
or slightly higher (Lumley et al., 2002, 
Marceau et al., 2010).

Currently, several researches have 
shown that the interrupted ageing could 
improve the hardening response, and 
hence, the mechanical properties of 
some 6xxx and 7xxx series aluminum 
alloys (Buha et al., 2008; Risanti et al., 
2009, Lima et al., 2014). Adoption of 
the T6I4 treatment may increase the 
volume fraction of hardening precipitates 
compared to the T7451 treatment in al-
loy AA7050, leading to an enhancement 
of fracture toughness without decrease 
of the tensile properties (Buha et al., 
2008). For AA6061, the interrupted 
ageing treatment can also promote a 

1. Introduction

Metallurgy and materials
Metalurgia e materiais
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2. Experimental procedures

The AA6351 alloy was extruded to 
bars of 10×75 mm cross section at 400°C 
and the AA7050 alloy was hot rolled to 
35 mm thickness plate at approximately 
the same temperature. These alloys were 
received in commercial tempers (solu-

tion treated and aged) conditions T6 and 
T7451, respectively, from which material 
samples were obtained to carry out the 
current study. The chemical composition 
of the AA6351 and AA7050 alloys used in 
this study were determined using optical 

emission spectrometry with Ametek Spec-
tromaxx model LMF05 and Shimadzu 
PDA-700, respectively. The chemical 
compositions and the commercial heat 
treatments of the alloys are indicated in 
Table 1 and Table 2.

In order to achieve the T6I4 condi-
tion, the obtained rods (8 mm and length 

of 55 mm) were heat treated according to 
the parameters given in Table 3 (Risanti 

et al., 2009; Li et al., 2013; Buha et al., 
2008; Lima et al., 2013; Lima et al., 2014).

The Vickers microhardness tests 
were performed in the longitudinal extru-
sion direction for the AA6351 alloy and in 
the longitudinal rolling direction for the 
AA7050 alloy. The adopted loads were 50 
gf and 500gf, for AA6351 and AA7050 
alloys respectively, while the indentation 
time was 15s for both cases. A Buehler 
Micromet 2004 equipment was employed 
in the tests and 20 measurements were 
made for each material condition.

TEM samples were obtained by cut-
ting thin slices from the alloys. The slices 
were physically and mechanically-thinned 

down to 10 μm in a Gatan Disc Grinder 
Model 623 and Dimple Grinder Model 
656.Thus, ion polishing of the samples was 
conducted by using a Gatan Precision Ion 
Polishing System (PIPS). The characteriza-
tion of nanometric hardening precipitates 
was performed on a JEM 2100 transmis-
sion electron microscope at 200 kV. The 
average values of size and volume fractions 
of the hardening precipitates and interme-
tallic particles were verified by using the 
software IMAGE J 1.30. To obtain the 
average size of the nanometric harden-
ing precipitates, 20 measurements of the 

precipitate size were performed using the 
software IMAGE J 1.30 for each of the 
conditions (AA7050-T7451, AA7050-
T6I4, AA6351-T6 and AA6351-T6I4). 
The volumetric fractions of hardening 
precipitates was obtained by averaging 
the analyses of the obtained TEM images 
for each of the material conditions. The 
tensile tests were conducted on an EMIC 
electromechanical load frame model 
DL10000 at room temperature with a 
crosshead speed of 1 mm/min, according 
to the with ASTM E8/E8 M-11 Standard 
Test Method (ASTM, 2011).

Table 1 - Chemical composition of the AA6351 and AA7050 alloys (wt%).

Table 2 - Heat treatment of the AA6351-T6 and AA7050-T7451 alloys.

Table 3 - Interrupted ageing treatment - AA6351 and AA7050 alloys.

Alloy/ Heat treatment Treatment condition
Ageing

First step Second step

AA6351-T6 10ºC/min to 580ºC 
580ºC - 15 min 180ºC - 6 h -

AA7050-T7451 10ºC/min to 485ºC 
485ºC - 4 h 110ºC - 2 h 175ºC - 10h

Alloy/Ageing heat treatment Treatment condition
Interrupted ageing 

First step Second step

AA6351/T6I4-65 560°C - 2 h 180°C - 1 h 65°C - 24 h

AA7050/T6I4-65 485°C - 3 h 145°C - 30 min 65°C - 24 h

Alloy Si Fe Cu Zn Mn Mg Cr Zr Ti

AA6351 1.01 0.191 0.103 - 0.482 0.373 0.0164 - 0.0303

AA7050 0.02 0.07 2.00 5.58 - 1.88 - 0.15 -

concurrent increase of toughness and 
strength (Lumley and Schaffer, 2006). 
However, for other aluminum alloys 
like 2090, 2091 and 8090, heat treat-
ments with a low temperature step could 
decrease the mechanical properties as 
a consequence of the uncontrollable 
secondary precipitation (Lumley et al., 
2002; Noble et al., 2006; Risanti et al., 

2009). In this context, this study aims to 
evaluate mechanical properties and the 
possible relationship with the precipitate 
structure resulting from two different 
heat treatments of Al-Mg-Si AA6351 
alloy (T6 and T6I4) and Al-Zn-Mg-Cu 
AA7050 alloy (T7451 and T6I4). The 
size and volumetric fraction as well as 
the distribution of the hardened pre-

cipitates were evaluated by transmission 
electron microscopy (TEM). It is worth 
to mention that these conditions of heat 
treatment were used in this investiga-
tion in order to verify the ability of the 
interrupted ageing to promote a better 
combination of mechanical properties 
of these alloys when compared to usual 
commercial conditions.
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3. Results and discussion

3.1 Hardening precipitates
Figure 1 (a) shows a TEM im-

age of the AA6351-T6 alloy, where 
hardening precipitates with size of 
169±53 nm can be seen in the Al ma-

trix. Figures 1 (b) and (c) correspond 
to AA6351-T6I4 condition.

The hardening precipitates shown 
in Figure 1 (b) have average size of 
236±67 nm, consistent with precipi-
tates β’ size range (100 and 200 nm) in 
AA6351-T6I4 reported in (Fàre et al., 
2011). Figure 1 (c) shows a specific region 
presenting smaller hardening precipitates 
with average size of 26±8 nm, and a dis-
cussion on the ageing conditions leading 
to this feature is presented as follows. 
Figure 1(d-e) shows intense precipitation 
with a homogeneous distribution within 
grains of hardening precipitates η in the 
AA7050-T7451 (Figure 1(d)) and GP 
zones and mainly η’ in AA7050-T6I4 
(Figure 1(e)) alloys.

The sequence of generic precipita-
tion for the 6xxx series alloys is defined 
as: SSS (supersaturated solid solution)  
→ AC → GP zones → β’’ → β’ + B’ + 
U1+ U2 → β (Mg2Si) phases (Murayama 
and Hono, 1999; Van Huis et al., 2006; 
Vissers et al., 2007; Son et al., 2011; 
Xiao-song et al., 2011; Simar et al., 2012; 
Maeda et al., 2018). In this sequence, 
initially, Mg and Si form atomic clusters 
(AC) and GP (Guinier-Preston) zones are 

originated (Vissers et al., 2007), with Si 
to Mg ratio close to 1 (Murayama and 
Hono, 1999). Upon additional ageing, 
β’’ precipitates are formed (Vissers et 
al., 2007). These needle-like precipitates 
are the pivotal hardening phase in 6xxx 
alloys (Takeda et al., 1998), with size 
of ~4x4x50 nm (Andersen et al., 1998). 
Studies have shown that the sequence of 
precipitation in the Al-Mg-Si alloys is 
fairly complex. Except for the β phase 
(equilibrium phase), the stoichiometric 
ratio Mg2Si is not observed. For ex-
ample, Andersen et al., (1998) found 
that the β’’ precipitate is constituted by 
Mg5Si6 phase. In addition, further stud-
ies carried out by Hasting et al., (2009) 
showed that the composition of the β’’ 
precipitate includes Al and is composed 
of Mg5Al2Si4 (Hasting et al., 2009). The 
β’ precipitate (Mg9Si5 or Mg6Si3) is larger 
than its predecessor β’’ and have been 
observed with size of approximately 100 
and 200 nm (Gupta et al., 2001; Fàre 
et al., 2011). The equilibrium phase, β 
(Mg2Si), is larger than other precipitates 
in 6xxx alloys, in shape of plates or 

cubes with length of several micrometers. 
The mentioned dimensions are only an 
approximate indication, since the ac-
tual values strongly depend on the heat 
treatment and composition of the alloy 
(Vissers et al., 2007).

In both heat treatment conditions 
studied in this research for the AA 6351 
alloy, the precipitates are platelet or 
rod-shaped, identified as β’ phase ac-
cording to their morphology (Edwards 
et al., 1998; Gupta et al., 2001; Fàre et 
al., 2011; Rao et al., 2014). In AA6351-
T6I4 condition, some regions were found 
(Figure (1c)) containing smaller spherical 
precipitates that on the base of their 
morphology were also identified as GP 
zones. These GP zones are resulting from 
the secondary precipitation that occurs 
during the second step of the interrupted 
ageing (65°C-24 hours) (Buha et al., 
2007; Vissers et al., 2007).

The volume fractions of harden-
ing precipitates are 3.4±0.8% and 
5.7±2.2% for AA6351-T6 and AA6351-
T6I4 conditions, respectively. These 
values were obtained by the analyses of 

Figure 1 - TEM images of AA6351-T6 (a); AA6351-T6I4 (b-c); AA7050-T7451 (d) and AA7050-T6I4 (e).

(a) (b)

(c)

(e)

(d)
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3.2 Hardness and tensile properties

Alloy/Condition AA6351-T6 AA6351-T6I4 AA7050-T7451 AA7050-T6I4

Hardness (HV) 83.7 ± 4.4 65.3 ± 1.9 170 ± 2.7 171.0 ± 1.8

Alloy/conditions
σ

YS 

(MPa)
σ

UTS
 

(MPa)
ε 

(%)
U

T 

(N mm/mm3)

AA6351-T6 312 342 13 40

AA6351-T6I4 112 213 46 69

AA7050-T7451 470 531 11 52

AA6351-T6I4 473 561 19.4 100

Tables 4 and 5 shows Vickers hardness 
values and tensile properties obtained for 
AA6351-T6, AA6351-T6I4, AA7050-T7451 

and AA7050-T6I4 alloys. Tensile properties 
were evaluated based on yield stress (σys), 
ultimate tensile strength (σUTS), elongation to 

fracture (ε) and modulus of toughness (UT). 
Additionally, Figure 2 presents the engineer-
ing stress-strain data curves for these alloys.

6 TEM images of each condition. Com-
paring to AA6351-T6, the AA6351-T6I4 
alloy showed a slightly higher volume 
fraction of hardening precipitates and 
higher heterogeneity of the microstruc-
ture (indicated by the higher scatter of 
size of hardening precipitates and the 
volume fraction).

This higher heterogeneity of the 
microstructure in the AA6351-T6I4 
could be originated by the coexistence 
of β’ phase with the GP zones originated 
from the secondary precipitation in the 
second stage of the interrupted ageing. 
Also, the β’ phase could coexist with 
precipitates of B’ phase (ribbons up to 1 
µm long constituted by Al3Mg9Si7), U1 
phase (Mg1Si2Al2) and U2 phase (Mg-

4Si4Al4), either needle-like precipitates 
with several hundred nanometers long, 
with ~15 nm diameter (Van Huis et al., 
2006; Vissers et al., 2007). In addition, 
according to Buha et al., (2007), the first 
stage (at higher temperature) of the T6I4 
treatment should be discontinued while 
the rate of nucleation is still higher than 
the hardening precipitates dissolution 
rate. Thus, if ageing is continued at a 
lower temperature during the second 
stage, as in the T6I4 treatment, a result 
is expected that indicates development of 
a higher density of hardening precipitates 
with smaller size (Buha et al., 2007). 
However, the AA6351-T6I4 condition 
presented a slightly higher volume 
fraction of hardening precipitates with 
higher average size. From this perspec-
tive, possibly the conditions of 1h at 

180°C in the first step of the T6I4 treat-
ment were not enough for the nucleation 
of every hardening precipitate that could 
grow during the second stage of the age-
ing, resulting in hardening precipitates 
with higher average size, as observed 
in the AA6351-T6I4 condition (Buha et 
al., 2007).

Indeed, previous studies of the 
AA7050-T7451 by using differential 
scanning calorimetry (DSC) showed that 
all the precipitates η’ were transformed 
into η phase (Lima et al., 2013; Lima 
et al., 2014; Jacumasso, 2014). In both 
AA7050-T6I4 and AA7050-T7451 al-
loys, the η phase was found to have a 
larger size in the grain boundaries as 
shown in Figure 1 (e) (orange arrow) 
(Jacumasso, 2014).

In the 7xxx alloys, the sequence of 
precipitation is generally defined as: solid 
solution → G.P. zones → metastable η’ 
→ stable η (MgZn2) (Du et al., 2006; 
Lin et al., 2006; Buha et al., 2008; Yang 
et al., 2015; Jiang et al., 2016; Lervik et 
al., 2020). 

Firstly, Guinier Preston Zones (GP) 
are obtained from the supersaturated 
solid solution (SSS) (Lima et al., 2014). 
These GP zones behave as nucleation 
sites for η’ precipitates (Yang et al., 
2015). The η’ phase has platelets mor-
phology, and the heavy dispersion of 
this precipitate is associated with the 
optimum tensile properties of Al-Zn-
Mg-Cu alloys (Hatch, 1984; Buha et 
al., 2008). The equilibrium phase η, 
MgZn2, has different morphologies: 

plate shape or needle and is generated 
by the transformation from the η’ phase. 
In addition, the η phase can present 9 
different orientation relationships with 
aluminum matrix which are termed η1 
to η9 (Buha et al., 2008).

The precipitates volume fraction 
is slightly higher in the AA7050-T6I4 
(41.4±1.5 %), compared to AA7050-
T7451 alloy (38.8±2.3 %). These values 
were obtained by the analyses of two 
TEM images of each condition by using 
the software Image J. In addition, the 
hardening precipitate sizes were of 30±12 
nm and 5.5±1.7 nm for T7451 and T6I4 
conditions, respectively.

It can be verified by comparing the 
Figures 1 (d) and (e) that AA7050-T6I4 
condition resulted in a higher amount of 
hardening precipitates finely dispersed 
in the matrix. Thus, by reducing the 
ageing temperature in the second stage 
of the T6I4 heat treatment, most of 
the GP zones that were nucleated in 
the first step of the interrupted ageing 
were consumed in the η’ phase forma-
tion. This increase in the η’ precipitate 
density is correlated to the improved 
combination of mechanical properties 
in AA7050-T6I4 condition, compared 
to AA7050-T7451 (Buha et al., 2007; 
Buha et al., 2008; Feizi and Ashjari, 
2018). In Figure 1 (d), a coarse inter-
metallic particle also can be observed 
along the grain boundary (red arrow) 
in the AA7050-T7451 condition. This 
coarse particle is probably constituted 
by Al7Cu2Fe phase (Jacumasso, 2014).

Table 4 - Vickers hardness values of AA6351 and AA7050 alloys.

Table 5 - Tensile properties of AA6351 (T6 and T6I4) e AA7050 (T7451 and T6I4) alloys.
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Figure 2 - Engineering stress–strain data curves for 
(a) AA6351-T6 and AA6351-T6I4; (b) AA7050-T7451 and AA7050-T6I4. 

The Vickers hardness values of 
AA6351-T6I4 (65.3±1.9 HV) were 
lower when compared to the AA6351-T6 
(83.7±4.4 HV) treatment. A reduction 
of approximately 22% was observed. 
Although it was expected that the T6I4 
treatment could generate a higher density 
of hardening precipitates with smaller 
size and hence, a better hardening re-
sponse (Buha et al., 2007), this effect was 
not observed in the AA6351 alloy. The 
hardness values (Table 4) of AA7050-
T7451 (170±2.7 HV) and AA7050-T6I4 
(171.0±1.8 HV) conditions were similar. 
Based on the data in Table 5 and studies 
reported in (Antunes et al., 2019) for 
AA7050 alloy, the interrupted ageing 
(T6I4) resulted in yield stress (σys) and ul-

timate tensile strength (σUTS) comparable 
to the T7451 condition. However, there 
was an approximately 80% increase 
in elongation (ε) and 92% in modulus 
of toughness (UT) due to T6I4 temper. 
For AA6351 alloy (Table 5), the T6I4 
treatment contributed to a reduction of 
64 and 38% in yield stress and ultimate 
tensile strength values, respectively. 
However, T6I4 increased ductility by 
up to 2.5 times and toughness modulus 
by approximately 73%. Therefore, 40% 
increase of β’ precipitates size in AA6351-
T6I4 contributed to resistance decrease 
and ductility increase. Although some 
areas on this alloy have shown smaller 
precipitates (GP zones), the second step 
of the interrupted ageing was more ef-

fective in the growth of pre-existing 
hardening precipitates rather than the 
nucleation of GP zones.

By the change in the η’ phase 
size, at lower temperature ageing in the 
AA7050-T6I4, the process of nucleation 
was more effective than the growth, 
providing higher density of precipitates 
with reduced size, when compared to 
the T7451 condition. Therefore, the 
interrupted ageing heat treatment for 
the AA7050 alloy resulted in a precipi-
tate hardening structure that is able to 
pin the dislocation motion as well as 
provide a higher deformation capacity 
of the material, and hence, increase 
its ductility without reducing the  
mechanical resistance.

4. Conclusion
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