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1. Introduction

7000 alloys are used above all in automotive industry and architectural applications. These
materials exhibit medium strength and ductility at room temperature and can be strength-
ened by aging treatment. Moreover they are characterized by low quench sensitivity, good
corrosion resistance (due to the absence of Cu addition) and good extrudability (higher than
6061 alloy) [1-5].

Because of their commercial importance, much effort has been spent on investigation of the
precipitation process in Al-Zn-Mg alloys [6-10]. The high strength exhibited in the hard-
ened state is due to a fine distributions of precipitates, notably of the metastable n)" phase
MgZn,, produced by artificial aging from a supersaturated solid solution. The temperature
of artificial aging influences the kinetics and the sequence of precipitation and if heterogene-
ous nucleation of the equilibrium phase appears, a less efficient hardening is obtained. In
this study the response to artificial aging with and without previous solution treatment has
been analyzed in the range of 130°C-210°C in order to evaluate which effect on hardening is
due to the absence of supersaturation of vacancy rich cluster (VRC) and alloying elements
coming from a solution heat treatment and rapid quenching.

There is strong academic and industrial interest in recrystallization driven by the need to
understand and control this phenomenon in order to optimize properties through the care-
ful control of thermomechanical processing schedules [11]. In this paper, the effects of differ-
ent heat treatments and Zr content on rate of recrystallization induced by annealing heat
treatment after RT deformation and on further deformation in terms of strain hardening rate
(SHR= do/de), have been analyzed. Recrystallization due to hot deformation by torsion and
tension test at 200°C-500°C and 10°s?-107s™ has been investigated too. During hot working
the Al-Zn-Mg alloys exhibit lower flow stress and higher ductility than Al-Mg alloy (for ex-
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ample 5182 and 5083) [12,13]. Generally dynamic recovery (DRV) is the sole restoration
mechanism in Al alloys [14-17] developing a subgrain structure inside elongated grain. As a
consequence, the flow curves (stress vs strain; o vs €) exhibit SH to a steady state regime,
although adiabatic heating may cause a peak and a gradual softening particularly at high
strain rate (¢) and low temperature (T). Ductility is usually high because DRV softened
grains allow accommodation of differential grain boundary (GB) sliding, slowing crack for-
mation [18-22]. Solutes, in the form of atmospheres hinder dislocation glide reducing DRV
and ductility and raising the flow stress [21-23]. Moreover fine dispersoids pin dislocations
and reduce DRV [24,25]. Precipitation hardening alloys may present varied behaviours as a
result of changes in precipitate morphology. Growth of precipitates during hot working
leads to good ductility and lower stress as shown for Al-Mg-Si [26,27], Al-Cu-Mg [28,29] and
Al-Zn-Mg-Cu [30,31]. Solution treated alloy can exhibit high peak stress and dislocation
density due to dynamic precipitation (DPN), followed by rapid softening as particles coa-
lesce [29-33]. In this paper the microstructure of hot deformed Al-Zn-Mg samples (even
modified with Zr) both by torsion and tension test have been analyzed by SEM and optical
microscopy in order to justify the stress-strain curve shape.

Hot working of many engineering alloys is often accompanied by the formation of internal
cavities [34-38]. The cavitation process depends strongly on alloy composition and micro-
structure as well as on the imposed processing condition [3 4 36 37 39]. Particularly large
particles and inclusions, notably on GB, introduce new sources of fissure nucleation lower-
ing ductility; solidification segregation and low melting constituents, especially if they
spread along the GB, create severe problems [39]. Such cavitation may lead to premature
failure (i.e. failure at strains lower than those expected based on material properties such as
the strain rate sensitivity index and the strain hardening exponent) or result in a finished
part with degraded mechanical properties. The cavitation process comprises three distinct
stages, which in most cases occur simultaneously, i.e., (i) cavity nucleation, (ii) cavity
growth, and (iii) cavity coalescence. Cavities, which usually nucleate preferentially at GB,
triple points, or second-phase particles, grow by either plasticity- or diffusion-controlled
mechanisms, or a combination of the two [35,37,39]. For a given material, the particular
mechanism varies with the imposed deformation conditions.

2. Experimental procedures

The compositions of the alloys studied in this investigation are reported in Tablel.

In order to distinguish easily the two materials with regard to Zr content they have been
designated respectively as 7000 and 7000Zr. The materials were supplied in the form of
DC cast billet of 20 cm in diameter and 40 cm in length. Cylindrical samples with gage
length of 13 mm and 5mm diameter were cut parallel to the longitudinal axis of the billet
for tensile and torsion tests. From the same billet, cube samples of 10 mm edges were cut
for heat treatments. Artificial aging has been carried out at 130°C, 160°C, 190°C and 210°C
up to 432h on the as-cast samples and 48h and solutionized ones (2h at 490°C). The ef-
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fects of heat treatments were analyzed by hardness (HRF) and electrical conductivity

curves.

Zn Mg Fe Si Ti Zr
7000 5.5 1.2 0.07 0.03 0.01
7000Zr 5.6 1.2 0.07 0.03 0.01 0.16

Table 1. Composition of the alloys (wt%)

The microstructure of as-received alloys has been investigated by optical microscope (Ni-
kon Epiphot 200) and Scanning Electron Microscope - Focused Ion Beam (SEM FIB) ZEISS
1540. The chemical composition of the matrix and particles was investigated by Energy-
dispersive X-ray spectroscopy (EDS) analysis. For polarized light observation the samples
were ground according to standard methods, electropolished (80ml perchloric acid, 120ml
distilled water, 800ml ethanol, 20V) and anodized (Barker’s reagent). The average grain
size has been evaluated on a population of at least 200 grains by using the NIS software
for imaging analysis.

RT tensile tests were performed on as-cast, solutionized (490°C-2h) and peak aged
(490°C-2h + 160°C-24h) samples and SHR plotted versus (o-oy). One half of each frac-
tured sample coming from an RT tensile test was ground parallel to longitudinal axis up
to the middle plane and annealed at 500°C for 3h. After 1,5 h of annealing, the sample
was water quenched and the average grain size calculated in a fixed area close to the frac-
ture by using the LUCIA G software. Then a second step of annealing at the same temper-
ature and time (total 3h) was applied to each sample in order to follow the
recrystallization behaviour.

Hot tensile tests have been performed on as-cast alloys in the range 250°C-400°C and
10°to 1073s™. The temperature was measured by two independent thermocouples placed
close to the sample. The true stress-true strain curves were calculated from recorded load-
displacement data according to the usual formula. Hot torsion tests have been performed
in the range 250°C-500°C and 10*to 5s. The torque and surface strain have been trans-
formed into equivalent stress and strain by the traditional means. One half of each frac-
tured sample coming from hot deformation tests were ground parallel to longitudinal axis
up to the mid- plane in order to investigate on both recrystallization (RX) and cavitation
phenomena by optical and SEM analysis. Particularly, for cavitation analysis, micrographs
at 20x have been taken along the length of each metallographic section (  up to 4mm by
fracture mid line) and collected into a montage [Fig.15 a,b,c]. The area of cavities inside
the area of metallographic section (4mm by fracture mid line) and the same area of metal-
lographic section has been evaluated using NIS software. Cavity area fractions Cs (%)
(area of cavities divided by the area of metallographic section) were determined. Assum-
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ing that cavities are randomly distributed inside the specimen, it has been shown that the
area fraction is equal to volume fraction Cv (%) [30].

3. Results and discussion

The microstructures of as received alloys exhibit interdendritic segregation (Fig.1). In 7000
alloy (Fig 1a) the addition of small amount of Ti produces grain refining because the Al;Ti
particles act as nucleation sites and moreover lead to smaller precipitate free zones (PFZ)
and finer grain boundary precipitation [43,44]. In 7000 Zr alloy (Fig 1b) the average grain
size is higher compared to that of 7000 alloy (210+60 um vs 145+40 um). It is suggested that
Zr reacts with AL;Ti complex to make it a less potent nucleation site [44]. From SEM/ EDS
analysis (Fig.2) hard insoluble brittle particles FeAl;/FeAl; type have been detected along
grain boundaries (Fig.2a) and MgZn, or Mg,Zn;Al; both along and grain boundaries and in-
side grains (Fig.2b).

Figure 1. Optical micrographs of 7000 (a) and 7000Zr (b) alloys (5X) showing that the microstructure of both alloys is
characterized by dendritic microsegregation. Different grain size is evident comparing (a) and (b)

The average values of hardness in the as-cast and solutionized state (490°C-2h) are slightly
higher for 7000Zr alloy (Table 2) despite its grain size being higher. In contrast, the as-cast
7000Zr electrical conductivity is lower (22Ms/m vs 23,5Ms/m) for the higher amount of al-
loying. As shown in Fig.3 solution heat treatment (490°C-2h) reduce microsegregation and
through dissolving hardening particles the hardness is reduced too (Table 2). EDS analysis
did not find Al-Zn-Mg particles in solutionized alloys while some undissolved FeAl;/FeAl,
type particles were found.
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Figure 2. SEM micrograph showing Al/Fe particles (named B, B1) and particles containing Zn and Mg (named A A1)
(a); EDS spectrum of elements content (b) into the matrix (named Cin Fig.2a), and B1 and A1 particles.

The hardness and electrical conductivity ageing curves performed on solution treated sam-
ples (T6 type) and on the as cast samples at 130-210°C are shown in Fig. 4 and Fig. 5 respec-
tively. The aging treatments (Fig. 4) of solution treated (490°C-2h) samples lead to 15 and 13
point increments of hardness respectively for 7000 and 7000Zr at the two lowest tempera-
tures of aging. At the higher temperatures, the precipitation kinetics are faster but the hard-
ening is less efficient due to heterogeneous nucleations and overaging starts before the peak
is reached. Moreover as the VRC are not retained at high temperature of aging, a lower den-
sity of hardening precipitates is expected. Comparing the behaviour of the two alloys, the
response to T6 heat treatment is better at the higher temperature (190°C and 220°C) for the
alloy containing Zr while it is similar for both alloys at the lower temperature of treatment.
This behaviour could be due to Al;Zr compounds that don’t dissolve at high temperature of
treatment and act as nucleation sites for hardening precipitate " phase [45-49].The electrical
conductivity increases with temperature of aging and time because of the draining of solute
from the matrix as the precipitation process proceeds. The aging curves of the as cast sam-
ples (Fig. 5) do not show an increment of hardness with respect to the starting state. The ab-
sence of super saturation of VRC and alloying elements coming from a solution heat
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treatment and rapid quenching, substantially reduces the nucleation of hardening precipi-
tates. Even for this heat treatment the response of 7000Zr alloy is better at the higher temper-
ature (190°C and 210°C) compared with the behavior of the alloy without Zr while it is
similar for both alloys at the lower temperature of treatment. The electrical conductivity in-
creases with temperature of aging and time but it is always lower that in the case of T6 heat
treatment because the lower supersaturation of the matrix.

HRF HRF

As received Solutionized

(490°C-2h)
7000 93 86
7000Zr 95 88

Table 2. HRF of as-cast and solutionized 7000 and 7000Zr alloy

Figure 3. 7000 (a) and 7000Zr(b) alloys after solution heat treatment (490°C-2h). The dissolution of interdendritic seg-
regation is evident compared to Fig.1

RT tensile tests on as-cast and solutionized samples indicate that solution heat treatment
lead to low peak stress and high ductility (Fig.6) due to dissolution of both brittle phases
and hardening particles. Moreover, the RT ductility is always higher for 7000Zr alloy. In
term of SHR (Fig.7), it is always higher for the alloy in the as-cast state compared to solu-
tionized because of large uncuttable particles cause Orowan hardening. Moreover 7000Zr al-
loy exhibits higher SHR probably due to the interaction of Al,Zr particles with dislocations.

One half of each fractured samples was ground parallel to the longitudinal axis down to the
mid plane and annealed at 500°C. After 1,5 h of annealing, the samples were water
quenched and analyzed by optical microscopy for checking any recrystallization phenom-
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ena. Then, a second step of annealing of 1,5h was applied to each sample (total 3h). Fig. 8 an
Fig.9 illustrate the anodized microstructure of respectively 7000 and 7000Zr specimen as ten-
sile tested (first line) and 3 hours annealed (second line). The first column presents pictures
from the as cast sample, the second from the solution treated. Annealing treatment lead to
recrystallization rate that is faster on as- cast alloys compared to the solutionized. This result
can be clarified by considering that dissolved atoms and fine precipitates formed in the ma-
trix limit the movement of dislocation during annealing and delay the nucleation and
growth of new grains. The as cast alloy exhibits both the highest strain hardening rate and
low dissolved atoms; both these aspects lead to a shorter recrystallization time. However as
shown in Fig.9 the recrystallization of 7000Zr alloy is incomplete and not homogeneous
even after three hours of annealing because of additions of Zr.
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Figure 4. Hardness and electrical conductivity of 7000 and 7000Zr alloys during aging at 130°C, 160°C, 190°C and
210°C after solution treatment at 490°C-2h (initial value at 0,Tmin).

The peak stress O, decreases with increasing T at constant ¢; moreover, it decreases with de-
creasing ¢ at a fixed temperature [Fig. 10]. For each fixed temperature T, the ductility decreas-
es as ¢ increases for 7000 alloy deformed by torsion and tension test while rises with ¢ for 7000
Zr tensile samples. This behavior being more evident with increasing temperature is common
in creep [51,52]. In contrast for hot working as ¢ decreases, ductilities increases since the im-
proved DRV mitigates stress concentration and nucleation of voids (usually at triple junc-
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tions). Moreover, at fixed ¢, as T increases, recovery is improved and therefore ductility
increases. Ductility in torsion is always higher than in tension because the low normal to shear
stress ratio enhances the role of DRV in inhibiting cracking [39]. The peak values are always
higher in torsion because the higher ¢ involved. Constitutive analysis for torsion test gave a Q
value of 161Kj/mol [1]. The value of Q close to that of pure Al is due to precipitated particles
that are inefficient in interacting with dislocations as confirmed by the low declines in the
flow curves and by the very low value of average n (1,5)[1]. In fact the microstructure of as-
cast samples hot torsioned at temperature higher than 300°C exhibits significant precipitated
particles. Their number decrease as T increases do to overaging or cooperative growth of par-
ticles and/or to their dissolution while at fixed T increases with strain rate due to strain hard-
ening effect on enhancing precipitation kinetics (Fig. 11). Optical analysis of torsioned
samples on longitudinal plane close to fracture surface after chemical etchant (Keller) shows
that only the samples deformed at 500°C exhibit recrystallized grains from SRX (Fig. 12). At
400°C the microstructure is characterized mainly by subgrain as is evident from anodized lon-
gitudinal plane of Fig.13. Subgrain have been observed in grains at 300°C 0.1s™ and 0.01 s™
too. Even the samples deformed by tensile at 350°C-400°C show some SRX ( Fig.14). Static re-
crystallization is much more evident in the alloy without Zr, close to the fracture surface and
near grain boundaries and due to stress localization (Fig.14).
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Figure 5. Hardness and electrical conductivity of as-cast 7000 and 7000Zr alloys during aging at 130°C, 160°C, 190°C
and 210°C (initial value at 0,Tmin).
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The microstructure of tensioned samples is characterized by cavitation (Fig.15) phenomena.
Cavitation is much more evident in the alloy without Zr ( Fig.15 b) and it is strongly re-
duced only if the alloy is solutionized (490°C-2h) before tensile test (Fig.15c). In fact this phe-
nomena is mainly due to both segregation and stress concentration at particles (Fig.15d).
Solution heat treatment reduce microsegregation (Fig.3) and dissolve soluble Mg-Zn parti-
cles, leading therefore to a reduction of the both hardness and cavitation. Some brittle parti-
cles (for example FeAl,/ FeAl, in Fig.2) are not dissolved from solution heat treatment and
continue to act as cavity nucleation point.

Cavitation (Cs%) Vs strain rate is shown in Fig.16 for as the cast 7000 sample deformed at
250°C and 400°C. Cavitation increases with T and, at fixed T it increases as strain rate decreas-
es. The distribution of cavities along the longitudinal sample surfaces at 250°C and 400°C is
shown in Fig. 17. At the lowest T, cavitation values decrease as distance from fracture increas-
es while at 400°C the cavities are randomly distributed along the longitudinal area of the sam-
ples. So it can be assumed a more active role of grain boundaries sliding (GBS) on cavitation
nucleation and growth at the highest T. Theoretical modelling on cavitation in general takes
into account the three distinct stages of damage generation, i.e. nucleation, growth and coales-
cence [40], but, among these, the growth appears the critical phase [41].
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Figure 7. Strain hardening rate curves for the RT tensile curves of 7000 (a) and 7000Zr (b) alloy in the as-cast and solu-
tionized state.

Figure 8. Optical micrographs of 7000 tensioned specimens before (a,b) and after 3h of annealing at 500°C (c,d)
where (a,c) are as cast, (b,d) are solution treated

Figure 9. Optical micrographs of 7000Zr tensioned specimens before (a,b) and after 3h of annealing at 500°C (c,d)
where (a,c) are as-cast, (b,d) are solution treated.
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Figure 10. Peak stress variations (a,b,c) and failure stress (d,e,f) as a function of T for the as-cast 7000 alloy hot de-
formed by tension (a,d) and by torsion (b,e) and for 7000 Zr alloy hot deformed by tension (c,f).

Figure 11. Precipitated particles in hot torsioned samples at 300°C-0,1s"(a), 300°C-0,01s" (b) and 400°C-0,1s(c): at
fixed T (a,b) the number of particles increases with strain rate due to enhanced precipitation on dislocations, while as
T increases the size of particles increase due to overaging (a,c).
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Figure 12. Optical micrographs (50X) of torsioned samples on longitudinal planes close to fracture surface after Keller
etchant showing that only the samples deformed at the highest T exhibit SRX.
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Figure 13. Optical micrographs (20X) of torsioned samples on longitudinal planes close to fracture surface after anod-
izing showing that the microstructure at 400°C and is characterized mainly by subgrains. Subgrains have been ob-
served in some grains at 300°Cand 0.1 5'-0.01s™
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Figure 14. SRX close to fracture surface of hot deformed tensile test 7000 alloy at 400°C-104s" with Zr (a) and with-
out (b)

Figure 15. Optical micrographs of cavitation phenomena in as-cast 7000 (a), 7000Zr (b), solutionized 7000 alloys (c)
deformed by tensile test at 350°C 10 s'. SEM micrographs of 7000 as-cast alloy (d) showing that cavities originate at
brittle particles.

When cavity growth is controlled by plastic deformation, the simplest model for cavity

growth assumes the following form [38]:

Cy :Coexp(ns) 1)
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where C; is the initial volume fraction of cavities and ¢ is the fracture strain. Following Lee
and Huang [40], who based their analysis on the Stowell et al. relationship [41], one can ex-
press the cavity growth exponent as follows [42]:

)

Where m is the strain rate sensitivity of flow stress.
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Figure 16. Cavitation (Cs%) versus log strain rate showing that the area of fissures increases with T and, at the highest
T, with decreasing strain rate
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Figure 17. Cavitation (Cs%) versus distance from fracture at 250°C (a) and 400°C (b) showing that at the lowest T the
area of fissures decrease as distance from fracture increases while at 400°C cavities are randomly distributed along the
longitudinal area of the samples.

When the fracture strain is substituted into Eqn.1, an obvious approximation, since the frac-
ture strain is affected by necking, the plot presented (with C; arbitrarily assumed to be
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0.03%) in Fig. 18 are obtained. Although this calculation is based on very rough assump-
tions, the model of cavity growth controlled by plastic strain describes very well the ob-
served cavitation trend. It can be thus reasonably concluded that, in the investigated range
of experimental conditions, the cavity growth is mainly driven by plastic straining. GBS sub-
stantially contributes to enhance the fraction of cavities at the highest T and justifies the ob-
served difference between the calculated value and experimental one (Fig.18).
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Figure 18. Comparison of measured Cs% and calculated Cv% versus log strain rate at 250°C and 400°C

4. Conclusions

The main conclusions are summarized in the following :

* In the as received state the grain size of 7000 Zr alloy is larger than that of 7000 alloy due
to reaction between Zr and Ti that reduce the nucleation power of both elements and the
microstructure of both alloys is characterized by dendritic microsegregation. The solution
heat treatment at 490°C-2h leads to a strong reduction of segregation and to a complete
dissolution of hardening Al-Zn-Mg particles as shown by EDS analysis. As consequence
the hardness decreases. For the larger grain size and higher amount of alloying the electri-
cal conductivity of 7000Zr is always lower than that of 7000 alloy.

* The response to heat treatment for both the as cast and solutionized samples is better at
the higher temperature (190°C and 210°C) for the alloy containing Zr, while it is similar
for both alloys at the lower temperature of treatment. This behaviour could be due to
Al;Zr compounds that don’t solutionize at high temperature of treatment and moreover,
harden the alloy and can act as nucleation sites for hardening precipitate " phase. Aging
treatment of the as-cast alloys for the range of imposed times is ineffective in terms of in-
creasing hardness.
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* Concerning RT tensile tests, the SHR is higher for the as cast sample comparing to the sol-
utionized. As consequence the recrystallization rate of as cast sample is faster too. Due to
Zr effect it is incomplete and not homogeneous in the Zr modified alloy.

* During hot tensile test the as cast alloys exhibit high flow stress at low temperature due to
reduced DRV. At higher T, both improved DRV and overaging of particles lead to re-
duced peak stress. The phenomena is much more evident during torsion because of T in-
volved. For each fixed temperature T, the ductility decreases as ¢ increases for 7000 alloy
deformed by torsion and tension while rises with & for 7000 Zr tensile samples.

* The microstructure of both torsion and tensile samples hot deformed at the highest tem-
peratures exhibit some SRX, more evident in the alloy without Zr.

* Cavitation in 7000 hot tensioned samples increases with T and with decreasing strain rate.
At the lowest T, 7000 as cast alloy cavitation decreases as distance from fracture surface
increases while at the highest T cavities are randomly distributed along longitudinal sur-
face of samples, suggesting a more active role of GBS on cavitation nucleation and
growth. Theoretical calculation have shown that cavity growth is mainly driven by plastic
straining but GBS substantially contributes to enhance the fraction of cavities and justify
the observed difference between the calculated and experimental cavitation values at the
highest T and lowest strain rate. Cavitation is reduced if the alloy is solutionized before
deformation.
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