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Abstract

The main objective of this study was to optimize the 7075
alloy strength. Several experimental alloys were prepared
and tensile test bars were cast, using an ASTM B-108 type
permanent metallic mold. The as-cast samples were then
solution heat-treated at470 °C (878 °F) for times up to 48 h.
The solution heat-treated bars were also aged in order to
improve the alloy strength through precipitation hardening.
The newly developed versions of the 7075 alloy displayed an
ultimate tensile strength of ~1 GPa. A detailed study of
phase precipitation in these alloys using electron probe
microanalysis; energy-dispersive spectroscopy; and wave-
length-dispersive spectroscopy analysis techniques showed
that the marked increase in alloy strength may be attributed

to precipitation of dense ultrafine particles of Al,Cu phase
distributed uniformly throughout the matrix. Fracture
mechanisms of the alloys at different heat treatment condi-
tions were also investigated. With the use of proper additives,
cold/hot deformation, homogenization and aging, 7075
alloys have the potential to reach very high ultimate tensile
strength levels after aging (compared to 580 MPa obtained
from traditional 7075 alloy).

Keywords: 7075-type alloys, microstructural
characterization, high-strength alloys, alloy development,
precipitation hardening

Introduction

Many studies'™® have been reported on the effect of heat
treatment of 7075 alloys. The solution treatment and aging
temperatures are the main factors controlling the relative
precipitation of alloying elements in the grain boundaries,
with solution temperature having the main influence on grain
boundary segregation. The precipitates at the grain bound-
aries were found to consist of large amounts of Mg, Si and Al
along with lesser amounts of Zn and Cu. The Zn-rich pre-
cipitates were predominant in heat treatments during low
solution temperature annealing at 394 °C (741 °F), while the
Fe-rich precipitates were predominant at high solution tem-
peratures [482-527 °C (900-981 °F)].* Precipitates with
high interfacial energies tend to precipitate at grain bound-
aries, resulting in embrittlement. Low interfacial energy
means easy nucleation, a uniform precipitate distribution and
resistance to coarsening at elevated temperatures.’

A version of this paper was previously published in 2015 AFS
Transactions.
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The microstructure of commercial 7075 alloy in the peak-
aged (T651) temper predominantly contains the 7 transition
phase before formation of the stable #-MgZn, phase. Some
of these transition phase particles are heterogeneously
nucleated on dislocation lines. In the T7 microstructure, the
overall particle concentration is high, consisting mainly of
coarse transition phase particles n1, #2 and #4 besides a
small amount of fine particles of the last three phases.
Increases in the hardness of the 7075 alloy are believed to
arise mainly from the fine dispersion of small # particles.'’
Retrogression and re-aging (RRA) treatments for 7075
alloy sheets at various temperatures [180, 200 and 220 °C
(356, 392 and 428 °F)] and times (2—80 min) showed that
an increase in treatment temperature decreased both the
hardness and strength, while increasing the impact tough-
ness. This can be explained by the dissolution of phases in
the matrix during RRA and enlargement of segregation
during subsequent aging. The decrease in the hardness in
the first stage of RRA is explained by the partial dissolution
of the Guinier—Preston (GP) zones, while the subsequent
increase in hardness refers to the formation and growth of
the #-phase to a specific size of stable # particles.''
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The microstructure of the grain boundary particles, which
depends on the aging process, is the main parameter con-
trolling the 7075 alloy mechanical properties. The high
strength of this alloy in the RRA temper is considered to
arise from both the presence of many fine # particles,
which are probably coherent, and of the high overall con-
centration of particles in this structure.'> The double aging
(DA) of 7075 alloy has positive effect on hardness, yield
and ultimate tensile strengths. Moreover, double aging to
peak hardness results in a significantly reduced processing
time from 48 to 2 h, which can lead to reduced energy and
cost. Thermomechanical double aging (TDA) causes fur-
ther acceleration of precipitation, reducing the total heat
treatment time to 80 min, with an increase in both hardness
and strength, but a decrease in the ductility relative to
single aging.'® During a study of secondary aging, it was
concluded that the T614 temper produces tensile properties
close to or greater than those for the T6 condition; the
fracture toughness is enhanced as well. The T814 and T914
tempers are effective in utilizing secondary precipitation,
while the T816 and T916 produce improved mechanical
properties.'*

Farhadi et al.">"” carried out a detailed study on the effects
of small additions of Be and Sr on the microstructure and
tensile properties of experimental 6xxx alloys. Their results
showed that for 0.02 %Be addition, the iron intermetallics
precipitate in the form of small, globular a-AlgFe,SiBe
particles in the interdendritic regions. Combined addition
of Be and Sr leads to the precipitation of o-AlgFe,SiBe
phase as very fine, broken particles, which markedly
enhances the alloy formability. The authors also found that
the addition of 0.02 %Be reduces the possibility of hot
tearing during solidification and protects the outer surfaces
of the cast test bars from oxidation during solution heat
treatment at high temperatures.

In a previous work, the present authors briefly described
the methods of obtaining super-strong 7075-based alloy
using experimental and industrial alloys.'® The main
objective of the study presented here was to understand the
hardening mechanism for achieving ultimate tensile
strength of ~1 GPa as compared to 580 MPa obtained
from the current alloys following aging at 120 °C (248 °F)
for 24 h through adjusting the alloy composition and heat
treatment technique of the 7075-type alloys.

Experimental Procedures

Experimental 7075 alloy was prepared through the addition
of measured amounts of Mg, Zn, Si, Cu and Fe to the melt
of commercially pure aluminum. Alloying elements were
added in the form of master alloys or pure metals to obtain
the predetermined level/levels of each element. Table 1
shows the average chemical composition of the commer-
cial pure aluminum and the base alloy investigated. In
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Table 1. Chemical Composition (wt%) of the Base Metal, Base Alloy and New Alloy

Zr Be

Ti

Mg

Zn

Fe Cu Mn Cr

Si

Alloy code/alloying elements

<0.001
<0.001

<0.001
0.211

0.005

<0.001
2.260

0.002
6.420

<0.001 0.006
0.022

0.303

<0.001
0.330

0.050 0.090 <0.001
0.384 1.980

0.172

Pure aluminum

0.016

A (base alloy)

0.1-0.35 0.001-0.10

0.06-0.20

0.12-0.50 1.20-2.00 0.06-0.30 0.2-0.40 0.05-040 5.20-6.50 1.5-3.0

0.10-0.40

New alloy
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Figure 1. Casting setup used in the present work.

addition, another alloy was also developed in this study,
derived from alloy A (proprietary composition). Prior to
casting, the molten metal was degassed for 15 min using
pure, dry argon to remove dissolved gases and inclusions.
Alloy castings were produced using an ASTM: B-108
permanent mold as shown in Figure 1. At the bottom of the
pouring cup, a ceramic foam filter (10 ppi) was placed to
prevent inclusions and oxide films from entering the mold.
In order to avoid hot tearing, small amounts of TiB,, Zr and
Be were added in the form of Al-5 %Ti-1 %B, Al-25 %Zr
and Al-2 %Be master alloys, respectively.'”'? The per-
manent mold was preheated at 450 °C (842 °F).

The test bars were prepared for each alloy composition and
divided into different sets according to both the recom-
mended traditional heat treatment and the proposed new

heat treatment conditions. Six sets of the base alloy were
conventionally heat-treated, where all of them were solu-
tion heat-treated at 470 °C (878 °F)/8 h, and then quen-
ched in 65 °C (149 °F) warm water. One set was kept in
the solution heat-treated condition, while the other five sets
were subjected to different aging conditions: single aging
at 120 °C (248 °F)/24 h; single aging at 280 °C (536 °F)/
8 h; double aging at 120 °C (248 °F)/24 h, followed by
180 °C (356 °F)/8 h; the fourth set had retrogression and
re-aging at 120 °C (248 °F)/24 h, 180 °C (356 °F)/8 h,
followed by 120 °C (248 °F)/24 h and, finally, the last set
was subjected to retrogression and re-aging at 120 °C
(248 °F)/24 h, 280 °C (536 °F)/8 h, followed by 120 °C
(248 °F)/24 h, respectively. Two sets of the new alloy were
heat-treated by means of homogenization and a proposed
new aging process (proprietary process). For each heat
treatment, ten test bars were used.

Tensile testing was carried out for the heat-treated test bars at
room temperature using an MTS servohydraulic mechanical
testing machine working at a strain rate of 1.0 x 10™* s7".
The elongation of the tested specimens was measured using a
strain gauge extensometer attached to the specimen during
the tension test. A data acquisition system attached to the
MTS machine provided the results. For each sample tested,
the stress—strain curve obtained illustrated the mechanical
behavior of the specimen under the loads applied. Ten tensile
test bars for each composition were tested in the heat-treated
conditions. For the new alloy, the test bars were tested using
the same MTS tensile testing machine.

The microstructures of the polished sample surfaces were
examined using a JEOL 840A electron probe microana-
lyzer equipped with energy dispersive X-ray spectroscopic
(EDS) and WDS facilities. Precipitation taking place dur-
ing the aging process was examined using an SU-8000
Field Emission Scanning Electron Microscope (FE-SEM),
while the fracture surfaces of selected tensile-tested sam-
ples were examined using a Hitachi S-2700 SEM.

Table 2. Tensile Properties of 7075-Type Alloys/Conditions Studied

Alloy code and heat treatment condition UTS (MPa) El (%)
A/Solution heat treatment [8 h @ 470 °C (878 °F)] 429 4.63
A/Single aging [24 h @ 120 °C (248 °F)] 580 1.01
A/Single aging [8 h @ 280 °C (536 °F)] 386 4.16
A/Double aging [24 h @ 120 °C (248 °F)] + [8 h @ 180 °C (356 °F)] 525 0.92
A/Retrogression and re-aging at 120 °C (248 °F)/24 h, 180 °C (356 °F)/8 h, 120 °C (248 °F)/ 496 1.02
24 h
A/Retrogression and re-aging at 120 °C (248 °F)/24 h, 280 °C (536 °F)/8 h, 120 °C (248 °F)/ 312 3.5
24 h
New alloy/homogenization and stretching 597 3.62
New alloy/double aging [24 h @ 120 °C (248 °F)] + [8 h @ 180 °C (536 °F)] 580 1.58
New alloy/proposed new aging process 820 1.13
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Figure 2. Stress—strain diagrams obtained from (a) base 7075 alloy (alloy A) after single aging at 120 °C (248 °F) for

24 h and (b) new alloy (alloy B) after proprietary aging treatment.
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Figure 3. (a, b) Backscattered electron images revealing the microconstituents in the base alloy in
the as-cast condition: (a) low magnification image illustrates the presence of fine cracks in the white
circle due to shrinkage; (b) high magnification image illustrating the details of the eutectic
AIMgCuZn phase—it should be noted that the spherical particles in the middle of the grain have the
same structure. (c) EDS spectrum from (b), displaying strong peaks due to Al, Mg, Cu and Zn.
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Results and Discussion
Tensile Properties

Several authors have studied the effects of alloying ele-
ments on the mechanical properties of 7075 alloys in
addition to that of heat treatment.'®** The Ag-free T6-
tempered [121 °C (250 °F)/24 h] 7075 alloys exhibit low
strengths that are attributed to a relatively coarse dispersion
of the hardening precipitates while the Ag-containing
alloys show higher strengths. When Cr and Mn are added
to the Ag-containing alloys, they result in low strengths as
with the Ag-free alloys, due to quench sensitivity of par-
ticles containing either Cr or Mn. On the other hand,
adding these two elements to Ag-free alloys resulted in
higher strengths. Adding 0.3-0.4 % Ag did not increase the
strength of single- and double-aged alloys in both T6 and
T7 treatments [121, 157, 162 and 177 °C (250, 315, 324
and 351 °F)], whereas the stress corrosion cracking (SCC)
resistance was improved. Alloys containing Cr, particularly
those also containing Zr and Mn, were more resistant and
increased in strength, as a result of the reduced sensitivity
to quenching rate. Higher strengths were obtained by
increasing the Cu content in alloy containing Mn and Zr in
the case of double-aging treatments.'®*°

Direct chill (DC) cast 7XXX series, modified with Zr and
Sc, revealed the following: (1) Sc additions produced a
grain-refined microstructure with an equiaxed grain mor-
phology, where 0.18 %Sc reduced the grain size to
120 um and inhibited the formation of twinned columnar
grains and solidification cracks; (2) higher Sc levels of
0.38 % and 0.48 % formed the brittle primary Als(Sc, Zr)
phase, which led to a deterioration in the mechanical
properties; (3) homogenization and T6 treatments devel-
oped both the strength and ductility of alloys containing
Sc, where the yield strength obtained was 490-590 MPa
along with 15 % elongation at room temperature, but at
liquid nitrogen temperature [—196 to —210 °C (—321 to
—346 °F)], these values were 610 MPa and 10 %,
respectively, with a UTS of 720 MPa.?! The Sc-modified
7075 alloy presented the highest strength (640 MPa) and
significantly increased the SCC resistance. Adding 0.2 %
Sc resulted in formation of the Als(Sc,_,Zr,) phase which
refined the microstructure. The addition of Ce had little
strengthening effect.”> The addition of 2 %AIl-5Ti-1B
master alloy to Al-12 Zn-3Mg-2.5Cu alloy reduced its
grain size from 480 to 40 pm; the hardness of both Ti-
refined and T6-tempered alloy was significantly
increased.”> In the present work, the effects of alloying
elements used (Table 1), and the heat treatment conditions

Figure 4. (a) Backscattered electron image of the as-cast microstructure of the base alloy; (b—d)
EDS spectra, respectively, corresponding to the AlIFeCuZn, AlFeSi and AlZnCuMg phases shown in

(a)-
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applied (Table 2) on such alloys are brought out in terms
of the tensile properties summarized in Table 2.

Figure 2 displays the stress—strain diagrams obtained from
both the base 7075 alloy and the newly developed alloy
under different heat treatment conditions. The maximum
attainable UTS was 580 MPa for samples of the base alloy
subjected to single aging at 120 °C (248 °F)/24 h, which is
normally higher than that of the solution heat-treated alloy
(429 MPa), while the minimum UTS reached was
312 MPa for retrogression and re-aging samples treated at
280 °C (536 °F)/8 h, followed by 120 °C (248 °F)/24 h, as
a result of over-aging, dissolution of phases in the matrix
during retrogression treatment, and segregation of some
particles at the grain boundaries. The best aging condition
was, as recommended, single aging at 120 °C (248 °F)/
24 h. Compared to the base 7075 alloy in the current study,
the new alloy after homogenization and stretching resulted
in a UTS of 597 MPa (~ 600 MPa) while, after the pro-
posed aging process, the UTS was 980 MPa (~1 GPa)
which renders this alloy, following the proposed heat
treatment technique, as a super-strong alloy.

T e o e e 0

30.0um

McGill 3.0kV 9.5mm x1.50k YAGBSE

Microstructural Characterization

Figure 3a, b reveals backscattered images of the base alloy
as-cast microstructure taken at low (Figure 3a) and high
(Figure 3b) magnifications, where the AlFeCuZn phase is
seen precipitated on the grain boundaries as well as within
the grains. Figure 3¢ shows an EDS spectrum corre-
sponding to the AIMgCuZn phase in the as-cast structure.
The high-magnification backscattered image of the as-cast
microstructure of the base alloy shown in Figure 4a reveals
the presence of AlFeCuZn, AlFeSi and AlZnCuMg phases
as well. Figure 4b—d shows the EDS spectra corresponding
to the latter three phases detected in the as-cast structure.
Figure 5a shows a backscattered image of the base alloy
microstructure after solution heat treatment, while the
high-magnification images shown in Figure 5b, ¢ demon-
strate the presence of the o-Fe and AlFeCu insoluble
phases. Figure 5d shows the EDS spectrum corresponding
to the AlFeCu phase detected in the homogenized structure.
Table 3 summarizes the identification of the phases
observed in Figures 4 and 5, which is in good agreement
with those reported in the literature.

Figure 5. Backscattered electron images of (a) solution heat-treated base alloy, showing (b) pres-
ence of AlFeCu and o-Fe intermetallic phases in (a); (c) high-magnification image (b); and (d) EDS
spectrum corresponding to the AlIFeCu phase observed in (b).
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For all microstructures studied, line scans were used to
investigate the distribution of alloying elements before and
after solution heat treatment for both the base and new
alloys. These scans revealed the distribution of three
common elements Mg, Cu and Zn in the as-cast 7075
alloys. The peaks corresponding to the Mg, Cu, and Zn
concentrations in the as-cast samples disappeared after
solution treatment, reflecting the optimized homogeneity of
the solution-treated alloys. Conventional and/or commer-
cial heat treatment of 7075 alloy led to maximum UTS of

580 MPa. In order to arrive at a better understanding of the
precipitation sequence in the newly developed alloy,
samples for SEM examination were cut from the tensile-
tested bars [~ 10 mm (0.39 in.) away from the fracture
surface]. The polished samples were examined using a
Hitachi SU-8000 FE-SEM operating at 5 kV equipped with
an EDS system. Figure 6a shows a backscattered electron
image of an as-cast sample of the new alloy, showing a few
rod-like shaped particles. These particles were identified as
being mostly Al,Cu phase from the corresponding EDS

Table 3. Identification of Phases Observed in Figures 4 and 5

Figure no.  Element (at %) Approximate composition
Si Al Fe Cr Cu Mg Mn Zn
4a 0.140 26.827 0.168 0.009 21.078 34.271 0.040 17.42 T(Al3CusMgsZny)
5b 0.617 75.332 16.755 0.968 2.311 0.049 3.310 0.554  Alz(Fe,Cu,Mn,Cr)
5b 3.683 77.508 11.006 2.485 0.717 0.079 3.918 0.578 Alg(Fe,Mn,Cr),Si/Al15(Fe,Mn,Cr)3Si,

Fe Si

Si

1.80 2.70

Cu Cu

1.00 2.00 3.00

4.00

5.00 6.00 8.00 9.

Figure 6. The following are shown: (a) backscattered electron image of the new alloy in the as-cast
condition; (b) EDS spectrum corresponding to Al,Cu phase; and (c) EDS spectrum corresponding

to «-Als5(Fe,Mn);Si, phase.
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Figure 7. (a) Backscattered electron image of the new alloy after solution heat treatment and
(b) EDS corresponding to (a) shows the presence of Cu and Fe peaks.

‘ -
[ R e |

L
McGill 5.0kV 9.5mm x10.0k PDBSE 5.00um

()

Cu
Si

1.00 2.00 3.00 4.00

Figure 8. Backscattered electron images show precipitation in the new alloy under different
conditions: (a) homogenization and stretching, (b) double aging [24 h at 120 °C (248 °F) + 8 h at
180 °C (356 °F)], and (c) EDS spectrum corresponding to (a) showing reflections mainly due to Al
and Cu elements.
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Figure 9. (a) Secondary electron image showing the fracture surface of new alloy
after homogenization, and (b) EDS spectrum corresponding to the particles within
the dimples in (a) revealing Al, Mg, Fe and Cu peaks.

spectrum (Figure 6b), together with some o-Fe inter-
metallic phase particles (Figure 6¢). As can be observed
from Figure 7a, most of the Al,Cu phase particles have
dissolved in the aluminum matrix after the homogenization
and quenching treatment, with fragments of o-Fe phase
particles still present in the matrix (Figure 7b).

Double-aging treatment of 24 h at 120 °C (248 °F) fol-
lowed by 8 h at 180 °C (356 °F) resulted in intense pre-
cipitation of ultrafine particles with two distinct
morphologies: spherical (encircled) and rod-like, due to
their precipitation at two different temperatures (Fig-
ure 8a). Aging the new alloy using the new technique
resulted in the precipitation of dense spherical particles
throughout the matrix (Figure 8b). These precipitates are
mainly Al,Cu phase particles as confirmed by the associ-
ated EDS spectrum displayed in Figure 8c. These
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precipitates are believed to be the reason for the observed
high strength achieved in the new alloy at 120 °C/24 h
(248 °F/24 h), which is normally higher than the solution
heat-treated alloy (429 MPa), while the minimum UTS
reached was 312 MPa for retrogression and re-aging
samples at 280 °C/8 h (536 °F/8 h), followed by 120 °C/
24 h (248 °F/24 h) as a result of over-aging effect, disso-
lution of phases in the matrix during retrogression treat-
ment, and segregation of some particles at the grain
boundaries. The best aging condition was, as recom-
mended, single aging at 120 °C/24 h (248 °F/24 h).
Compared to the 7075 alloy, the base alloy in the current
study, the new alloy after homogenization and stretching
resulted in a UTS of 597 MPa (~ 600 MPa) while, after
the proposed aging process, the UTS increased to 980 MPa
(~1 GPa), which renders this alloy in the category of a
super-strong alloy.
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Figure 10. Graphics show a series of electron images and EDSs taken from the newly developed alloy following
the new aging regime: (a) general view showing the presence of several cracks; (b) high-magnification image
revealing the presence of «-Fe phase; (c) high-magnification image exhibiting the fracture of undissolved AlFeCu
phase; (d) EDS spectrum corresponding to (b); and (e) EDS spectrum corresponding to (c).
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Fractography

Figure 9a presents the fracture surface of the newly devel-
oped alloy after the homogenization treatment. Large deep
dimples can be seen throughout the surface with broken
particles at their interiors. The corresponding EDS spectrum,
Figure 9b, reveals that these particles are mainly Fe-based
intermetallic phases. The surface fracture of the aged new
alloy (with UTS approximately 1GPa), Figure 10a, exhibits
several cracks (arrowed) along with fine dimples compared
to those shown in Figure 9a. High-magnification images
reveal the presence of a-Fe in its Chinese script form—
Figure 10b, whereas Figure 10c shows the cleavage fracture
of undissolved AlFeCu phase particles. Figure 10d, e show
the EDS spectra corresponding to Figure 10b, c,
respectively.

Conclusions

Based on the results obtained from our investigation of the
means to increase the strength of 7075-type wrought alloys
through adjustments in alloy chemistry and heat treatment
conditions, the following conclusions may be drawn.

1. Solution heat treatment for 48 h at 460 °C
(860 °F) and 470 °C (878 °F) results in dissolu-
tion of Mg-rich and Cu- rich phases, whereas Fe-
rich phases remain in the matrix.

2. With the use of proper additives, cold/hot defor-
mation, homogenization and aging, as applied in
this study, 7075 alloys have the potential to reach
UTS levels as high as 850 MPa after aging
(compared to 580 MPa obtained from traditional
7075 alloy).

3. Alloy ductility may be significantly improved
using proper casting technology. It is expected
that the modification of both alloy composition
and casting technique will provide higher per-
centage elongation values.

4. The observed marked increase in the alloy
strength by adjusting the alloy chemistry and
heat treatment may be attributed to precipitation
of dense ultrafine particles of Al,Cu phase
distributed uniformly throughout the matrix.

5.  With proper composition and heat/thermome-
chanical treatment, it is expected that the alloy
can achieve an ultimate tensile strength of about
1 GPa with about 5 % elongation.
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