Scientific Technical Review, 2021,Vol.71,No.1,pp.8-14

doi: 10.5937/5tr2101008M

UDK: 620.181 :66.094.7.002.25 :004.12,669.018
COSATI: 06-01

Influence of Retrogression and Re-Aging Treatment on Mechanical
Properties of the Alloy EN AW 7049A-T6
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Aluminum alloys of 7xxx series have the highest strength among all aluminium alloys, but they are prone to the corrosion-
induced damage. The retrogression and re-aging heat treatment (RRA) is a heat treatment process applied on the 7xxx series
aluminum alloy in T6 temper condition to provide a significant improvement of the corrosion resistance with or without small
loss in its strength. The paper presents the influence of RRA treatment on the electrical conductivity and mechanical
properties of the aluminum EN AW 7049A-T6 alloy. The retrogression heat treatment was performed at various
temperatures (from 180 °C to 280 °C) and times (from 3 min to 45 min), while re-aging was performed at 120 °C for 24 hours.
It has been found that with increasing both temperature and time of retrogression, hardness and strength decrease but the
toughness of the alloy increases in comparison to the initial T6 temper. Contrary to hardness values, electrical conductivity
rises with an increase in holding time and temperature of retrogression.
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Introduction

LUMINUM alloys of the 7xxx series belong to the group

of alloys in which high strength, toughness and corrosion
resistance are achieved by applying heat treatment regimes.
The precipitation process in 7xxx series alloys generally takes
place according to the following scheme [1, 2]:

SSS (supersaturated solid solution) — stable coherent GP
zones — semi-coherent intermediate ' (MgZn,) phase —
stable incoherent n (MgZn;,) or T (AlZnMgCu) phase.

Due to the high values of mechanical characteristics, alloys
are widely used in the automotive (truck chassis and trailer
parts, prefabricated bridges, rail vehicles, etc.) and aerospace
industry (aircraft construction parts, hydraulic parts, etc.) as
well as in military (armor-piercing (AP) and wvehicle
protection; aircraft and vehicle parts, missile, artillery and
ammunition) [2-6].

During the 70's, in our country extensive researches were
conducted on the 7xxx series aluminum alloys. These
researches had a goal of developing new aluminum alloys that
would meet the requirements of high strength, toughness,
good plasticity and corrosion resistance [6, 7]. The aim was to
replace steel parts of weapons and ballistic protection with
parts made of aluminum alloys. Together with the “Impol -
Aluminum industry” from Slovenia, the alloy based on the
well-known aluminum alloy EN AW 7049A was developed,
according to the EU standard, SRPS EN 573-3.

Since that period, researchers have been constantly
working on the development of 7xxx series alloys, more
precisely on the optimization of the chemical composition and
heat treatment regime for Al-Zn-Mg-Cu alloys [3, 4, 8, 9]. In
recent years, the world has focused on testing the influence of

heat treatment regimes on the increase of corrosion resistance
of aluminum alloys of the 7xxx series. Two-stage heat
treatment, the retrogression and re-aging heat treatment (RRA
or T77 temper [10]), was applied to 7xxx series aluminum
alloys in the artificially aged (T6) temper in order to provide a
significant increase in corrosion resistance with or without
minimal decrease in strength [2-4, 9]. The greatest application
of the RRA is in the aircraft industry [3, 9].

Despite the continuous development of new types of
aluminum alloys of the 7xxx series, but also the improvement
of existing ones, many parts of structural and aircraft
structures made of these alloys are prone to damage caused by
stress and exfoliation corrosion [3, 4]. This primarily affects
the lifespan of commercial and military aircraft. The RRA
treatment should provide an alloy with a high degree of
corrosion resistance (equivalent to the T73 temper) but also
maintain a high level of strength (equivalent to the T6
temper).

The concept of retrogression and re-aging, the RRA, was
first developed by China and his colleagues at the Israel
Aircraft Industries in 1974 [3, 4, 9]. This concept of the RRA
treatment consists of two stages:

1. retrogression of the 7xxx-T6 material at an intermediate
temperature between the aging temperature and the
solutioning temperature, followed by water quenching
(WQ) and

2. re-aging treatment by using parameters of the original T6
temper (time and temperature).

The RRA process is shown through a series of
metallurgical transformations, Fig.1. Starting from the initial
T6 temper, retrogression is applied in the range of 180°C to
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280°C, which initially causes a decrease in hardness and
tensile strength within the I stage. This is due to the
dissolution of GP zones. Stage II is a transition period, where
there is an increase in hardness due to the growth of the
remaining n' precipitate to some optimal size. When the n'
precipitate reaches a critical size, there is a re-drop in
hardness and the formation of 1 precipitate, stage III. Based
on Fig.1, it is important to note that electrical conductivity
and corrosion resistance gradually increase with increasing
holding time at a given retrogression temperature.

T6

Hardness or v
Retrogression +

Yield Strength Reaging (120°C)

«— | —>— | —> < m Retrogression only (180-280°C)

%lACS —» 32 36 38

Figure 1. Schematic presentation of stages in the RRA, [3].

Over the years, the original concept of RRA has been
developed around the world in order to improve the
mechanical properties and corrosion resistance, but also to
determine the parameters of heat treatment for individual
aluminum alloys series 7xxx.

Table 1. Chemical composition, wt.%.

The aim of this work is to study the influence of RRA
treatment on the electrical conductivity and mechanical
properties of the aluminum EN AW 7049A alloy after the
applied artificial aging (T6 temper) and retrogression and re-
aging regime (T77 temper).

Experimental work

Material

The material used in this study was aluminum EN AW
7049A alloy, received in the form of extruded rods, $90mm,
produced by “Impol” Slovenska Bistrica, Slovenia. The
gained alloy was further artificially aged to the T6 temper in
accordance to the following heat treatment parameters:

470°C/2h + WQ + artificial aging at 120°C/24 h.

Chemical composition of the used alloy and standard limits
for each element, according to SRPS EN 573-3 [11], is given
in Table 1.

In accordance to SRPS EN 573-3, chemical composition
limits of all chemical elements were within their standard’s
defined limits.

The properties of the alloy in the T6 temper were:

- electrical conductivity: 29,17 % IACS

- hardness: 182 HB,

- tensile properties: R;,=746,11 MPa; A=7,9 %; Z=8,9 %
- toughness: E=6,6J.

Alloy Zn Mg Cu Mn Si Fe Cr Zr Ti Al
7.6 2.88 1.51 0.25 0.06 0.11 0.15 0.1 0.07 Remainder
EN AW-7049A EN 0.05
limits to SRPS EN | 7,2-8,4 [ 2,1-3,1 | 1,2-1,9 | 0,50 | 0,40 0,50 o 0,25Zr+Ti= 0,15 Remainder
573-3) 025

Heat treatment

Alloy EN AW-7049A in T6 temper was subjected to RRA
treatment. The applied parameters are given in Table 2.

Table 2. RRA treatment parameters

Parameters (temperature, time) for applied RRA heat
treatments
Alloy
Retrogression qudlng Qe Re-aging
temperature time parameters
180 °C
200 °C 3 min
7 min
EN AW 220 °C . Water o
7049A-T6 gg min- o enching (WQ)| 1207 €/24h
240 °C min
45 min
260 °C
280 °C

Testing methods

The chemical composition of the alloy was determined by
the X-ray fluorescence spectrometry (XRF) on the Philips-
PW1404 device.

Electrical conductivity was tested by using “Forster
SIGMATEST 2.068”. The conductivity was measured at least
at five random locations on each sample and then averaged to
obtain the mean conductivity value.

Hardness measurements were determined by using the
Brinell hardness method (HB2,5/62,5/30"), according to EN
ISO 6506-1, using the “Wolpert Diatestor 2RC” hardness
tester. The hardness was determined as a mean value of the
results of five measurements.

The mechanical properties were determined using tensile
and impact tests. The tensile test was performed on a round
test specimen, taken from the longitudinal direction of the
extruded rod, by using “Shimadzu Servopulser” testing
machine with extensimeter, with the strain rate of 0,125
mm/s. The impact test was performed on the Charpy
pendulum impact testing machine Tinius Olsen. Type A (V-
notch) test specimens, according to ASTM E23 were used.

All tests were preformed at the room temperature.
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Results

Electrical conductivity

after retrogression and after re-aging treatment. The results
are given in Table 3 and diagrams of changing in electrical
conductivity after retrogression and after re-aging for the
same RRA regime are shown in Figures 2 - 7.

The electrical conductivity measurements were performed

Table 3. Electrical conductivity for different retrogression temperature, % IACS

Temp. 180 °C 200 °C 220 °C 240 °C 260 °C 280 °C
tilr{rfetr(;r%i.n Retrog. RRA Retrog. RRA Retrog. RRA Retrog. RRA Retrog. RRA Retrog. RRA
3 28.81 29.60 29.69 30.42 30.59 31.38 33.01 34.72 34.92 37.31 36.30 38.44
7 28.84 29.55 30.85 31.77 34.51 35.90 35.90 37.75 37.40 39.26 37.70 39.15
20 30.76 31.54 33.50 34.63 36.76 37.84 37.81 39.53 38.29 39.71 38.41 39.45
30 31.34 3231 35.01 36.19 37.64 38.67 38.44 39.98 38.61 39.82 38.34 39.18
45 32.00 33.06 35.44 36.55 38.36 39.23 38.54 39.91 38.89 39.93 38.76 39.43
Al =¢—retrogression at 180 °C - —=RRA treatment 400 4
m rF .
g 38.00 S 380 M g
S S
= 36.00 o 36.0 4
£ =3
Z 3400 - £ 340
] Z
E 32.00 A g 320 - =g==retrogression at 240 *C
S S
= 3000 & 300 4 ~B-RRA treatment
28.00 3||||,}||||||||||||||||||||||gd|||||.|||.||‘!|5|. 28‘03"'1,""“"""2'0""""':il)'""""""ﬁiﬂ
t, min t, min

Figure 2. Electrical conductivity changing as a function of different holding
time at the temperature of the retrogression of 180 °C.

Figure 5. Electrical conductivity changing as a function of different holding
time at the temperature of the retrogression of 240 °C.
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Figure 3. Electrical conductivity changing as a function of different holding
time at the temperature of the retrogression of 200 °C.
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Figure 6. Electrical conductivity changing as a function of different holding
time at the temperature of the retrogression of 260 °C.
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Figure 4. Electrical conductivity changing as a function of different holding
time at the temperature of the retrogression of 220 °C.

Figure 7. Electrical conductivity changing as a function of different holding
time at the temperature of the retrogression of 280 °C.
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After the applied parameters for RRA, electrical
conductivity after retrogression treatment increased to about
39% IACS and maintained that level even after re-aging.

The results of electrical conductivity showed that with an
increase of the holding time and the temperature of
retrogression, electrical conductivity increases, too.

Table 4. Hardness for different retrogression temperature, HB.

Hardness

Hardness measurements were performed on the samples
after retrogression and after re-aging treatment. Results are
listed in Table 4, while Figures from 8 to 13 show diagrams of
the change in hardness values after retrogression and
reversion for the same RRA regime.

Temp. 180 °C 200 °C 220 °C 240 °C 260 °C 280 °C
IRetrog. time, min| Retrog. RRA Retrog. RRA Retrog. RRA Retrog. RRA Retrog. RRA Retrog. RRA
3 189 187 175 184 174 189 165 175 146 156 129 135
7 184 186 172 186 163 169 143 148 118 122 107 109
20 174 180 168 176 144 151 126 127 106 110 99 102
30 178 183 159 165 135 141 115 118 106 108 96 97
45 174 179 159 160 128 129 111 114 102 102 91 92
200 200 +
—4—retrogression at 240 °C
180 180 2
~l=-FRA treatment
2 160 4 m
- I 1| 111 2
4 140 4
E £
% 120 - —#—retrogression at 180 °C £
100 - =B-RRA treatment
37 20 45 3007 20 30 45
t, min t, min

Figure 8. Hardness changing as a function of holding time at retrogression
temperature of 180°C.
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Figure 11. Hardness changing as a function of holding time at retrogression
temperature of 240°C.

Figure 9. Hardness changing as a function of holding time at retrogression
temperature of 200°C.

Figure 12. Hardness changing as a function of holding time at retrogression
temperature of 260°C.

Figure 10. Hardness changing as a function of holding time at retrogression
temperature of 220°C.
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Figure 13. Hardness changing as a function of holding time at retrogression
temperature of 280°C.
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The results of hardness measurement showed that with an
increase in holding time at a given retrogression temperature,
the hardness values decrease. The maximum value of
hardness of 189 HB was reached at a retrogression
temperature of 220°C and holding time of 3 min.

Tensile properties (Strength) and Impact energy

After initial testing, electrical conductivity and hardness on
the samples with different parameters for the RRA regimes,
several regimes were subjected for further tensile and impact
testing. Selected RRA regimes were those on which the
gained hardness after applied T77 temper was close to the
initial T6 temper. Parameters of the selected RRA regimes are
listed in Table 5.

Table 5. Selected RRA regimes for further mechanical tests.

lg?'A RRA heat treatment parameters
1 180 °C /7 min
2 180 °C /20 min +
3 180 °C /30 min + . o
a T6 180°C 745 min +WQ + reéaé‘g;]ng 120°C/
5 200 °C /7 min
6 200 °C/ 20 min + WQ
7 220 °C /7 min

Table 6 presents mechanical properties (tensile properties
and impact energy) of the alloy heat treated in accordance to
the regimes selected in Table 5.

Table 6. Mechanical properties of the EN AW 7049A-T77.

0,
No. RRA HB  |Ry, [MPa]| R,, [MPa] Loiz[sA)n]lm E,J
1 186 644 676 4.6 7.6
2 130 655 671 6.2 7,1
3 183 626 655 6,0 6,6
4 179 617 645 48 72
5 136 643 671 5,0 7,0
6 176 585 613 5.2 8,1
7 169 601 632 6,8 7,5

Maximum values of the ultimate tensile strength (UTS, R.,,)
of 676 MPa were obtained at a retrogression temperature of
180 °C and time of 7 min. It has been noticed that with an
increase of the retrogression holding time the UTS decrease.

The highest value of impact energy (8,1 J) was achieved
with the applied heat treatment No. 6, T6 + retrogression
200°C/20 min + WQ + re-aging 120°C/24 h. The dependence
of the load of time was obtained after every applied RRA
treatment and for treatment No.6 it is given in Fig.14.

20 4

Load, kN

I N )

Time, ms

Figure 14. Load — time dependence for the EN AW 7049A-T77 alloy.

Discussion

In the aluminum alloys subjected to a heat treatment
regime with the aim to provide high corrosion resistance, the
electrical conductivity has a high value [9]. Electrical
conductivity is sensitive to structural changes during the aging
of aluminum alloys, and therefore, it is used to monitor the
precipitation process [3, 4, 12-14]. As it can be seen in
Figures 2-7, with increasing the holding time and temperature
of retrogression, electrical conductivity increases, too. The
intensity of electrical conductivity changes with holding time
which depends on the retrogression temperature. With an
increase in the retrogression temperature the peak values of
the electrical conductivity move to shorter holding time due to
different phase transformation. Dissolving GP-zones matrix
enriched in the strengthening elements, Zn and Mg, leads to a
supersaturated solid solution and nucleation and growth of the
n' phase. In case of holding time being too long the
precipitates will coarse excessively and begin to transform to
the n phase. Increasing in holding time at the retrogression
temperature leads to increasing in electrical conductivity due
to the precipitation of the equilibrium n phase [15].

The results in this work also show that an increase in the
electrical conductivity was accompanied by the hardness
decrease. As can be seen in Fig.8, three areas of hardness
values with an increase in the retrogression time can be
distinguished. This dependence can be explained by
microstructure changes of the EN AW 7049A alloy in the T77
temper [3, 9, 13]. The hardness decreases within the first stage
of retrogression (from 189 HB to 174 HB), Table 4, which has
been caused by a partial dissolution of GP-zones. The
hardness increases within the stage II, which is associated
with the formation of segregation of the 1’ phase to the stable
size (from 174 HB to 178 HB), Table 4. Finally, the hardness
drop within the stage III is probably due to the coarsening of
the n' phase particles. Specifically, the remaining GP-zones
dissolve and become potential nucleation sites of the n' phase.
By dissolving the GP-zones, the base is enriched with Zn and
Mg, which leads to its intersection and favoring of the
nucleation process and growth of the n' phase. In case of
aging time being too long, the precipitate particles coarse and
the hardness/ strength decreases.

Based on the obtained results, optimal conditions are at a
retrogression temperature of 180°C and holding time from 3
min to 20 min.

In comparison to the initial T6 temper, after the applied
RRA, the mechanical properties decrease. This can be
explained by the results of the previous research [3, 4, 9, 13].
Namely, TEM analysis showed that the alloys of the7xxx
series in T6 have higher dislocation density in comparison to
the T77 temper. It has also been observed that with increasing
the retrogression temperature, the density of dislocations
decreases. As the density of dislocations decrease, resistance
to their displacement decreases, and thus the strength of the
alloy decreases [3, 9, 13, 14]. In accordance with the
previously stated, the precipitates size at the grain boundary,
as well as their mutual distance increase with the application
of RRA treatment, the Orowan's stress becomes less than the
stress required to cut the precipitation. The dislocations start
to bypass the precipitate particles, which leads to reducing the
strength of the alloy [16- 18].
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By analyzing the obtained dependences of load vs. time, it
has been noticed that the energy required for the crack
initiation (Ei) is higher than the energy of the crack
propagation (Ep). Comparing these energies for this alloy in
T6 temper (Ei= 3,5 Jand Ep =3,1J), it can be concluded that
RRA treatment affects the maintenance of crack initiation
energy values but has no positive effect on the propagation
energy. Similar results were observed in the previous studies
[14,17-19].

However, taking into account the previous analyses, we
can conclude that optimal heat treatment regime for the alloy
is:

T6 + retrogression 180°C /7 min +
+WQ+re—aging 120°C/24 h

Mechanical properties gained after the applied RRA
regimes were: 186 HB, Rm = 676 MPa, A = 4,6 % and E =
7,6 J.

It is assumed that this heat treatment regime will give
corrosion properties higher than those for T6 treatment.
Testing the corrosion properties of this alloy according to this
RRA regime will be done in further work.

Conclusions

This research studied the effect of retrogression and re-
aging heat treatment (RRA) on the electrical conductivity and
mechanical properties of the aluminum EN AW 7049A alloy.

The results of electrical conductivity have showed that with
increasing holding time and the temperature of retrogression,
electrical conductivity increases, too. With an increase in the
retrogression temperature peak values of the electrical
conductivity move to the shorter holding time due to different
phase transformation. Initial increase in electrical conductivity
was due to dissolution of GP-zones matrix enriched in the
strengthening elements, Zn and Mg, which leads to
supersaturated solid solution and nucleation and growth of the
1' phase. After reaching the maximum value, the electrical
conductivity retains the same even during the increase of
holding time. This was due to precipitation of the equilibrium
1 phase.

It has been shown that the increase in the retrogression
temperature (from 180°C to 280°C) leads to the increase in
the electrical conductivity and decrease in the hardness of the
alloy. With increasing the retrogression temperature, peak of
hardness values move to shorter holding time. With an
increase in holding time at the retrogression temperature, the
hardness values first decrease, then slightly increase and
finally decrease. This behavior could be due to partial
dissolution of the GP zones, segregation of the n'-phase and
coarsening of the particles of the n'-phase, respectively.

Strength of the alloy in T77 temper (RRA) decreases and
toughness increases in comparison to those gained in T6
temper (T6: Rm=746 MPa, E=6,6 J; T77: max Rm=676 MPa,
max E=8,1J).

The optimum combination of the mechanical properties for
the EN AW 7049A after the applied following parameters of
RRA regime is:

T6 + retrogression at 180°C /7 min +
+WQ +re—aging 120°C/24 h ’

while the obtained mechanical properties were: 186 HB,
Rm=676 MPa, A=4,6 % and E=7,6 J.

The results from this work indicate that this RRA regime
will give corrosion properties higher than those for T6
treatment due to different phase transformation.
Microstructure differences between T6 and T77 tempers, the
size, distribution and continuity of precipitates in grains and
grain boundary regions, as well as the average PFZ width,
cause the corrosion resistance and mechanical response of the
7xxx series aluminum alloy. Testing of these properties will
be done in further work in order to determine the benefits
from both heat treatments.
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behavior of in-service AA7075 aircraft component after thermo-

Uticaj termickog tretmana retrogresije i ponovnog starenja na
mehanicke karakteristike legure EN AW 7049A-T6

Aluminijumske legure serije 7xxx su legure sa najviSom ¢vrsto¢om medu aluminijumskim legurama, medutim, nedostatak im
je Sto su podloZne koroziji. Retrogresija i ponovno starenje (reZim RRA, ili T77 stanje) je postupak termicke obrade koji se
primenjuje na aluminijumskim legurama serije 7xxx u T6 stanju, kako bi se obezbedilo znatno poboljSanje otpornosti na
koroziju bez, ili sa malim padom ¢vrstoce. U radu je prikazan uticaj termic¢ke obrade po RRA reZimima na elektri¢nu
provodljivost i mehanicka svojstva (tvrdocu, ¢vrstocu i Zilavost) aluminijumske legure EN AW 7049A-T6. Termicki tretman
retrogresije izvrSen je na razli¢itim temperaturama (od 180°C to 280°C) i vremenima drZanja (od 3 min do 45 min), dok je
ponovno starenje izvrSeno na 120°C tokom 24 sata. Utvrdeno je da se sa porastom temperature i vremena retrogresije tvrdoéa
i ¢vrstoéa smanjuju, dok Zilavost legure raste u poredenju sa polaznim T6 stanjem. Suprotno od promene tvrdoce, elektricna
provodljivost se pove¢ava sa pove¢anjem vremena drZanja i temperature retrogresije.

Kljucne reci: retrogresija i ponovno starenje (RRA), provodljivost, tvrdoca, ¢vrstoca, Zilavost.
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