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Fig. 70. Appearance of samples strained to failure at elevated temperatures: material with 6 passes of
ECAP at 120 °C (a), 6 passes at 220 °C (b). 6 passes at 170 °C (¢). and a comparison between 6 and 8
passes of ECAPat 170 °C

Fig. 70 shows the appearance ot the samples strained to failure at elevated
temperatures. corresponding to the detormation curves presented in Figs. 66 — 69. The
images confirm  that optimum  superplastic behavior occurred in the material with
[y ap =170 “C at the straining temperature of 450 °C, not only due to the elongations to
tallure exceeding 600 % achieved at very high strain rates, but also because the material
detformed 1n @ most homogeneous manner. with virtually no necking (see Fig. 70 (¢) and
(d)). By contrast. in the samples with Trcap = 220 °C, the macroscopic homogeneity is
limited even at optimum conditions of deformation. where the alloy reached an elongation
to tatlure near 300 %. Finally. Fig. 71 ofters an overview of the maximum ductilities
achieved (at optimum strain rates) in the AA 7075 - Sc - Zr alloy with different ECAP

conditions as a function of the straining temperature
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Fig. 71. Overview of the maximum elongations to failure achieved in the AA 7075 — Sc - Zr alloy
with different conditions of ECAP. The pressing at 170 “C results in the highest superplastic
ductilities, whereas ECAP at 120 “C gives rise to low temperature superplasticity.
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Fig. 72. The evolution ot microhardness in the AA 7075 -~ S¢ - Zr during thermomechanical

processing consisting of ECAP. high strain rate superplastic deformation. and precipitation

hardening.

In addition to the SRC tests and the tensile tests o iallure. the material with
8 passes of ECAP at 170 °C was strained to 223 % plasuc strain at 430 “C and an iniual
strain rate of 1 x 10-1 s-1. then subjected to precipitation hardening by means ot solution

heat treatment (1 h at 480 °C) followed by quenching and 24 h of aruficial aging at 120 “C.
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The evolution of microhardness during the above described procedure 1s shown in Fig. 72,
The increase in the alloy’s strength due to equal-channel angular pressing is followed by
partial softening after the superplastic detformation. The subsequent precipitation treatment.
however. more than compensates tor this softening. resulting in a final microhardness

value of 138 HV.
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6. DISCUSSION

6.1 Homogeneity of microstructural refinement in the ECAP billet

The results of the microhardness measurements on the side plane of the billet subjected
to 6 passes of ECAP. route B . document that this simple method can be successtully used
to determine the dimensions and position of the deformation dead zone. It is reasonable to
assume that the zones at the extremities of the billet exhibiting substantially lower
microhardness values (Fig. 24) represent indeed the DDZ. as the recent work of Xu et al.
[14] brought direct experimental evidence tor the correlation between the homogeneity in
microhardness values and the microstructural refinement in ECAP samples. In [14].
however. the authors concentrated on the central part ot the billet rather than the entire
sample including the DDZ.

[t 1s evident from Fig. 24 that despite the relatively low shape distortion of the sample
after 6 passes of ECAP (Fig. 23). the dimensions of the DDZ are substantial. and must
theretore be taken into account when designing tensile specimens or taking material from
the ECAP billet for microstructural observations. Preparing a sample partly or entirely
from the DDZ could lead to irrelevant results and incorrect conclusions. It should also be
noted that the experimentally obtained data show reasonable accord with the shape and
position of the DDZ predicted by the ECAE 3D software. A more accurate correspondence
could not be achieved due to the large number of parameters, which influence the
formation of the DDZ. but the software does not take them into account. These are
especially the eftects of triction and back pressure, as well as material parameters such as
the strain hardening coetticient or strain rate sensitivity [191,192].

By contrast the homogeneity of microhardness was found to be very high all
throughout the center section of the ECAP billet (outside of the DDZ). This is in accord
with the results of a detailed study on the subject performed very recently by Prell et al.
[195] The authors ot [193] examined the microhardness homogeneity on a 38 mm long
central segment of the Y plane ina 10 x 10 x 70 mm ECAP billet (identical with the billet
dimensions in the present work). after 1 to 6 passes, route Bc. The majority of the data
points lay within a narrow range of less than £ 5 HV — as was the case in the present study.

Moreover. Prell et al. reported a very narrow region of lower microhardness values

adjacent to the bottom surtace of the billet, which we did not observe (see Fig. 25). The
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results document that already after 6 passes of ECAP. a reasonably high level of
microstructural homogeneity (on the mesoscopic level) can be achieved. provided that the

material from the DDZ is not used.

6.2 The ECAP AA 7075 alloy

For the ECAP AA 7075 alloy without the Sc¢ and Zr additions. the influence of the
pressing temperature on the microstructural refinement and the resulting room-temperature
mechanical properties will only be discussed briefly. as most of the observed trends can
also be applied to the Sc and Zr modified material. where they have been documented in
more detail.

The 6 passes of equal-channel angular pressing using route B¢ resulted in substantial
refinement of the alloy’s microstructure at all three of the pressing temperatures.
However. the tendency for a decrease in the average gramn size with decreasing Ty ap 1S
evident from the performed TEM observations (Fig. 26). At the same time. the lower
pressing temperatures result in generally higher dislocation densities in the material after
ECAP. These are also related to the ill-defined grain boundaries visible in the THFM
micrographs. Such microstructural features are common in materials subjected to severe
plastic deformation. and they indicate microstructures in a state very distant trom
equilibrium. A microstructure with similar characteristics was reported in an AA 7073
alloy atter ECAP pertormed at room temperature by Horita et al. [194]

The influence of 1} ap on the development of the UFG microstructure is retlected also
in the room-temperature mechanical properties of the studied alloy . The combination ot @
sub-micrometer grain size and a very high density ot dislocations in the material with the

lowest pressing temperature resulted in an ultimate tensile strength near 400 MPa. which

pressing was not combined with precipitation hardening. The high dislocation density in
the UFG microstructure manitests itselt also in the high strain hardening rate duning the
room-temperature tensile test (Fig. 50). An inferior ductility in the material with the lowest
temperature of pressing again represents a common consequence of SPD.and was reported
also tor the 7073 aluminum alloy in [194] A substanually higher duculinn value was
reached in the present study when the ECAP temperature was raised to 220 ~C. but the
larger grain size together with the partially recovered character of the microstructure

resulted at the same time in lower room-temperature strength.
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The stability of the microstructure at elevated temperatures exhibited a strong
dependence on the temperature of ECAP as well. In the materials with the pressing
temperature of 120 and 170 °C. a complete loss of the fine grained character occurred at
350 and 400 °C. respectively. For this reason. the maximum temperatures at which they
exhibited superplastic behavior were limited to 300 and 350 °C. The superplastic
properties at these temperatures were not exceptionally good. with the strain rate
sensitivity parameter m approaching the value ot 0.3 and ductilities only moderatels
exceeding 200 %. The explanation of such behavior can be based on the assumption that
these relatively low straining temperatures (i.e. low in terms of superplasticity in
aluminum) are not sufficient to promote an optimum grain boundary sliding mode — GBS
being linked with thermally activated processes - since the microstructure is already
partially recrystallized. i.e. no longer as fine grained as in the initial state atter ECAP (see
Figs. 27 (a) and 28 (a)). It should be emphasized. however. that the material with the
lowest pressing temperature. and thus also the smallest average grain size. exhibited
strongly enhanced ductility with an elongation to failure approaching the bottom limit for
superplasticity already at 200 “C (Fig. 36). In comparison to an earlier work of Malek et al.
| 195]. where a tine grained Al - Zn — Mg — Cu alloy of similar composition was produced
by a standard thermomechanical processing route. this represents a dramatic improvement.
While 1n [195], the material exhibited a ductility o 21 % at 200 °C, the ECAP alloy in the
present study reached an elongation to failure ot 195 % at the same straining temperature.
[his documents the great potential of equal-channel angular pressing in terms of
microstructural refinement and its consequences for mechanical properties.

[n the material with the highest temperature of ECAP, the larger grain size was
compensated tor by a significantly enhanced resistance to recrystallization at elevated
temperatures. [he tine grained character of the microstructure was only lost at 500 °C,
allowing tor superplastic behavior between 400 and 450 °C, with higher values of m and a
maximum elongation to failure ot 370 %. The reason for the enhanced stability of the fine
orained microstructure at elevated temperatures. compared to the materials with lower
[,y lies most likely in a lower amount of deformation energy stored in the partially
recovered microstructure resulting trom ECAP at 220 °C. This stored energy acts as a
driving force for recrystallization and grain growth at temperatures where superplastic
behavior can be expected. The same trend was reported in a study by Malek et al. [196],
where an Al - Zn - Mg — Cu alloy was subjected to ECAP at elevated temperatures (200,

230. and 300 “C). As 1n the present study. the authors observed a monotonous dependence
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of the temperature for the onset of rapid grain coarsening on the temperature of ECAP. i.e.
the materials with higher pressing temperatures exhibited a higher resistance to
recrystallization.

The differences in the character of grain boundary sliding at optimum straining
conditions, documented with light microscopy and AFM. show a correlation with the
results of the tensile tests at elevated temperatures. The two materials with the lower
pressing temperatures exhibit similar characteristics of GBS when strained at the
conditions of deformation where they achieved their maximum ductility values. These
include in particular a mediocre homogeneity of GBS at the mesoscopic level. a smaller
number of grain boundaries participating in the process. and generally lower displacements
of individual grains. Correspondingly. the maximum values of the strain rate sensitivity
parameter m. as well as the achieved elongations to failure were nearly equal for the two
materials in question. By contrast. the material with the highest pressing temperature
exhibited a greater degree of homogeneity in grain boundary sliding. a larger number of
sliding events. as well as larger displacements of individual grains. This 1s 1n accord with
the higher m values. the more pronounced sigmoidal character of the true stress vs. true
strain rate curves. and the significantly higher ductihty.

However. it should be noted that although the presented relation between the grain
boundary sliding characteristics and the superplastic properties of the materials may seem
apparent. the magnitude of the individual grain displacements could also be partly related
to the mean grain size in the material at the given straming conditions. o tulfill the
macroscopic constraint imposed on the sample during the tensile test. an array ot larger
grains can be expected to require on average greater displacements during GBS than an
array of finer grains. which benetits from @ more dense network ot grain boundaries. And
indeed. careful inspection ot the AFM micrographs (Figs. 40 - 42) will reveal a slightly
larger average grain size in the material with 1 ap = 220 “C strained at 400 ~C. compared
10 the two materials with lower pressing temperatures strained at 300 and 3350 - C,

respectively.
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6.3 The Zr and Sc modified ECAP AA 7075 alloy

6.3.1 The influence of pressing temperature on microstructural refinement

The evident increase in the mean grain size with increasing temperature ot ECAP
was observed in the Zr and Sc¢ moditfied alloy. as well. using both TEM and EBSD.
Moreover. EBSD made it possible to obtain more precise values for the average grain size
than those which could be deduced from the TEM micrographs of the severely deformed
microstructures. so the trend could be documented with more reliable quantitative data.
[he set of images trom TEM - ACOM (Fig. 55) documents that the grain size (especially
when only grains with HAGBs should be taken into account) cannot be accurately
determined from TEM micrographs alone. when the material is in a severely deformed
state and high dislocation densities are present. To demonstrate the consistency of the data
obtained in the present work. it should be noted that for the material pressed at 120 °C. the
values of the average grain size evaluated from both EBSD and TEM — ACOM were equal
(0.5 um). The observed influence of [ \p on the average grain size is in accord with the
results available in literature [35-39.198.198]. and 1s generally attributed to greater
possibilities for recovery during the pressing at higher temperatures.

Although many authors report a tendency ot the grain aspect ratio to decrease with
increasing temperature of pressing. i.e. the grains become more equiaxed [37,38,197], in
the present study. areas with prevailing elongated grains were found even in the
microstructure of the material with the highest pressing temperature (220 °C). However,
such finding is not unique. as for exampie Mazurina et al. observed grains elongated in the
pressing direction after a total strain of ~ 6 at 250 °C in a recent study of an ECAP 2219
aluminum alloy [199]. Also. the material with Tycap = 220 °C in the present work

exhibited 4 substantially lower traction of high angle grain boundaries (40 %). compared to

the two materials with lower pressing temperatures (both in the vicinity of 60 %). Similar
results were obtained by Wang et al. for a 1050 aluminum alloy produced by ECAP at four

ditterent temperatures ranging from RT to 250 °C [37]. The HAGB fraction remained

approximately constant up to the pressing temperature of 200 °C and then decreased
substantially at 250 “C.
[he general trend of a decreasing HAGB fraction with increasing temperature of

ECAP was reported by further authors. e.g. [38.197.198]. One of the possible explanations

tor this phenomenon was presented in the work of Goloborodko et al. [197]. The



development of an UFG microstructure during ECAP can be attributed mainly to the
introduction of heterogeneous strain. the creation of deformation bands and their mutual
crossing (see section 1.1.3 of the present work or [200.201] for a more detailed description
of the mechanism). At higher pressing temperatures. the deformation is likelyv to become
more homogeneous. which will lead to a slower rate of microstructural refinement and a
retardation of HAGB development. It should be noted that this effect can be at the same
time responsible not only for the lower HAGB fraction. but also for the elongated grains
observed in the studied AA 7075 — Sc — Zr alloy with Tycap =220 °C. Due to the supposed
retardation of the microstructural refinement at the higher pressing temperature. the 6
passes of ECAP could (at least in some areas) correspond to the intermediate stage of the
refinement process. where the equiaxed ultra-fine grains have not vet completely
developed from the lamellar structures and the thin ribbon grains introduced during the
earlier stages of the deformation. By contrast. the same number of passes for the given
material pressed at a low temperature could already represent the final stage of ECAP.
where the microstructural refinement draws closer to saturation. At the same time. as
discussed both by Goloborodko et al. [197] and Yamashita et al. [35]. enhanced recover
rates at higher temperatures of ECAP allow a larger part of the dislocations introduced into
the microstructure during the pressing to annthilate betore they would have the chance to
become absorbed into subgrain walls. and thus contribute to the gradual transtformation of
LLAGBs to HAGBs. This leads again to a retardation of HAGB development at higher
Ty cap.

It should also be noted that while the two matenals with the lower pressing
temperatures were tound to exhibit a high fraction of high angle grain boundaries. they sull
contained a non-negligible fraction of low angle grain boundaries as well. when compared
to the grain boundary misorientation distribution tor randomly oriented nucrostructures
calculated by Mackenzie |202]. However. this represents a ivpical teature ot strain-induced
microstructures — see ¢.g. [ 203, 204,

A certain part of the ditterence between the HAGB fracuion recorded atter FCAP at
220 °C and ECAP at the lower temperatures may as well be related 1o the specifics of the

measuring technique. EBSD is known 10 have a limited resolution tor gramn boundaries

=

~

with very small angles of misorientation (smaller than approx ) [203]. especially in
severely detformed microstructures. Some ot these L AGBs may theretore not be included
in the distributions used to calculate the HAGB fraction. This eftect is likely 10 be more

pronounced for lower ECAP temperatures. where the material retains large dislocation
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densities and local lattice distortions due to the lower recovery rates during the pressing.
The overall percentage of HAGBs recorded in the case of the lower pressing temperatures
may thus be overestimated because of the undetected grain boundaries with the lowest
misorientations. Nevertheless. the comparison of the HAGB fractions obtained in the
present work from EBSD and the substantially more sensitive TEM-ACOM revealed good
agreement (Fig. 58). which indicates that the experimental error caused by the limited
resolution of the method 1s most likely not large enough to be able to account for the
difference between the HAGRB fraction recorded at 220 °C and the lower temperatures of
ECAP.

Finallv. it should be emphasized that with decreasing temperature of ECAP, the
material exhibited an increase in the dislocation densities present in the newly developed
microstructure. accompanied by more severe lattice distortions in the individual grains. In
the case of the alloy with the Zr and Sc additions. this eftect was documented not only by
['EM. where the dislocations were directly visible, but also through the analysis of selected
EBSD and ACOM point-to-origin misorientation profiles across individual grains, which
vielded quantitative information on the orientation gradients. It was found that especially
the material with the lowest pressing temperature (120 “C) exhibited extremely high
orientation gradients in the ultra-fine grains. with values up to — 4 © um’', as obtained by
EBSD. and even — 8 ° um ' recorded with TEM-ACOM. benefiting from a higher
resolution and a lower level of noise. which made it possible to evaluate the orientation
gradients even in the smallest grains (— 300 nm) with the largest internal strains. With
increasing temperature ot ECAP. the measured orientation gradients inside the grains
strongly  decreased. reaching a level mostly below the resolution of the method for
[ = 220 “C. These results are ot utmost importance for the present study, since they
clearly document the differences in the stored deformation energy resulting from ECAP at
ditterent temperatures. This stored energy represents a driving force for recrystallization
and grain growth at elevated temperatures. and can have a strong influence on the stability
of the UFG microstructure and consequently on the superplastic properties of the material.
as will be discussed below. The observed influence of Ticap on the dislocation densities in
an ECAP material was also reported tor example by Gutierrez-Urrutia et al. in a recent
study [36]. However. until the present work, the effect has not been documented by direct

measurements ot orientation gradients on the scale of individual ultra-fine grains.



6.3.2 Room-temperature mechanical properties

The room-temperature mechanical properties of the studied material correlate with
the results of the microstructural observations. The ultimate tensile strength is the highest
for the material pressed at 120 °C (near 400 MPa). and then gradually decreases with
increasing temperature of ECAP. The microhardness values follow the same trend. The
increase in strength after ECAP can be attributed to two main factors — firstly the
strengthening associated with the microstructural refinement itself. in accord with the Hall-
Petch relationship, and secondly the introduction of high dislocation densities into the
microstructure. As both of these effects were found to be stronger in the case of lower
pressing temperatures. the observed increase in RT strength with decreasing temperature of
ECAP is obviously consistent with the results obtained from TEM. EBSD. and TEM-
ACOM. As already discussed for the alloy without the Zr and Sc¢ additions. the decrease of
the ductility after ECAP — and especially in the case of low pressing temperatures. which
give rise to a more severely deformed microstructure with exceptionally high dislocation
densities - represents a characteristic feature of SPD-processed materials [24]. By contrast
the simultaneous increase in both strength and ductility observed at the pressing
temperature of 170 “C after the additional two passes 1s much less common. exhibiting a
qualitative similarity to the so called “paradox of strength and ductility in SPD metals™.
first reported by Vahlev et al. [206]. Unfortunately. the experiments pertormed in the
present work did not reveal any  substanual  differences in the  corresponding
microstructures at room temperature resulting from 6 and 8 passes of FCAP at 170 “C.
respectively. so the increased ductulity cannot be discussed in terms of possible

detormation mechanisms.

6.3.3 Stability of the fine grained microstructure at elevated temperatures

lhe present study showed that in spite ot the tact that the smallest average gruin
size, highest percentage of HAGBs. and highest room temperature strength were achieved
by equal-channel angular pressing at 120 “C. minimizing the pressing temperature will not
necessarily lead to optimum superplastic properties. As already mentioned. the grain size
and the HAGB traction obtained atter ECAP are not the only parameters which determine
the superplastic potential ot the material - the stabilitv of the microstructure at elevated

temperatures 1s of equal importance.
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While the material pressed at 120 °C started to exhibit coarse recrystallized grains.
exceeding 10 um in size. after annealing at 400 °C and lost its fine grained microstructure
more or less completely at 450 “C. already the increase of the pressing temperature to
170 °C led to a superior microstructural stability in the material up to the annealing
temperature of 430 °C. with an onset of rapid grain growth only at 500 °C. The material
with Tycap = 220 °C exhibited an even more remarkable resistance to recrystallization. as
1its microstructure after annealing at 300 “C did not ditter substantially from the initial state
atter ECAP. and only started to coarsen markedly at 525 °C. Two significant conclusions
can be drawn from these results. First. the temperature ot ECAP has a very pronounced
influence on the stability of the severely deformed microstructure at elevated temperatures,
Second. for a given pressing temperature. the addition of Zr and Sc to the ECAP AA 7075
leads to an enhancement of the alloy’s recrystallization resistance.

From the comparison with the AA 7075 alloy studied in the present work. which
had the processing parameters identical with the AA 7075 — Sc¢ — Zr. and dittered in its
chemical composition only by the lack of the S¢ and Zr additions, it is evident that the Alx
(Sc. Zr) precipitates are responsible for an enhanced stability of the ultra-fine grained
microstructure. In the material with Ty \p = 120 °C, the addition of Zr and Sc resulted in
an increase of the temperature at which an onset of rapid grain growth occurred by more
than 50 °C. in the material pressed at 170 °C. the corresponding difference exceeded
100 °C. The microstructural stability was enhanced also in the material with
Tycap=220°C, but the difference is not as marked, since the high pressing temperature
ensured a reasonable resistance to recrystallization even in the unmodified alloy. The effect
of the S¢ and Zr additions 1s even more evident from the comparison of the superplastic
properties in the two alloys. where tor each temperature of ECAP, the Sc and Zr modified
material exhibited its optimum superplastic properties not only at a higher temperature, but
also at higher strain rates. as discussed below.

Nevertheless. the ability of the Al; (Sc. Zr) precipitates to pin grain boundaries and
thus stabilize the ultra-fine grained microstructure at elevated temperatures was found to
depend strongly on the temperature of ECAP. The pressing temperature did not
significantly influence the population of the Als (Sc. Zr) particles — their presence was
documented by TEM atter ECAP at all three temperatures of pressing, with approximately
the same sizes (10 - 20 nm). However. the large amount of stored deformation energy in
the microstructure resulting from ECAP at 120 °C (documented in the present work with

multiple complementary methods) substantially increases the driving force for
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recrystallization and grain growth, acting against the stabilizing effect of the Als (Sc. Zr)
precipitates. For this reason. the microstructural stability at elevated temperatures was
found to be inferior in the material with the lowest pressing temperature. even though it
still evidently exceeded the stability of the corresponding alloy without Zr and Sc. In
addition to the increased driving force. the recrystallization in the materials with the lower
pressing temperatures might also be facilitated due to their high fraction of HAGBs. since
the grain boundary migration rates are known to depend on their angle of misorientation.
i.e. LAGBs generally migrate slower than HAGBs [207]. However. this effect is likely to
be weaker than the influence of the stored deformation energy. as both of the materials
with the pressing temperatures of 120 and 170 “C in the present study were found to have a
high fraction of HAGBs. but the one with the higher Tycap and a substantially smaller
amount of stored energy exhibited nevertheless far better resistance to recrystallization.

It is also of interest to point out that the two materials with the lower pressing
temperatures did not exhibit an increase in the HAGB fraction after annealing at elevated
temperatures (below the temperature corresponding to a complete loss ot the ultra-fine
grained microstructure). On the contrary. the HAGB fraction remained approximately
constant up to a certain temperature (difterent for the two materials and higher for the one
with the higher T ap). and then even decreased. Such behavior 1s in contrast to the rather
sharp increase in the HAGB fraction. typically observed in microstructures which have
undergone standard discontinuous recryvstallization [208]. However. the microstructural
observations in the present work suggest that at the temperatures in question. discontinuous
recrystallization occurred in the Zr and S¢ modified alloy only locally. notin a very large
part of the volume. A different mechanism must theretore be responsible tor the decrease
in the HAGB fraction. It has been shown that in certain cases — especially 1n fine graimed
materials with a sutticiently high fracuon of high angle grain boundaries - severely
detormed microstructures can undergo coarsening by means ot the so called “continuous
recrystallization™ during annealing [204.209]. The continuous recrystallization oceurs via
relatively localized grain boundary migration and represents a spatially more homogeneous
process than its more common discontinuous counterpart. One of 1ty key features 1s also
that. unlike discontinuous recrystallization. it does not result in an increase in the HAGB
fraction |209]. One ot the possible explanations for the decrease in the tracuon of HAGBs
upon annealing observed in the present work might theretore he in the concurrent
operation of two processes. namely recovery and continuous recrystallization. While

continuous recrystallization leads 1o a moderate increase 1n grain size (documented 1n the
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present work by TEM and EBSD) without a change in the grain boundary misorientation
distribution. during recovery. the large numbers of excess dislocations present in the
microstructure tend to rearrange themselves into relatively stable. energetically more
favorable configurations. This may include the formation of cellular structures. or even
new [LAGRBs. as well as an increase in the misorientation angle ot already existing LAGBs.
when the dislocations become absorbed in their structure. LAGBs with very small
misorientation angles. originally below the resolution of EBSD. can thus be detected and
enter the statistics. More LAGBs with small misorientation angles can also become
detectable simply because the overall level of noise in the OIM data decreases when the
microstructure undergoes recovery. Since the number of HAGBs remains unchanged
during the continuous recrystallization. the additional LAGBs in the distribution lead to an
overall decrease of the measured HAGB fraction. The above discussed effect was not
observed in the material with T;\p = 220 “C. most likely because the dislocation densities
in the initial state after ECAP were substantially lower than in the case ot the materials

with lower pressing temperatures.

6.3.4 Superplastic properties

The combination of an ultra-tine grain size and a high fraction of HAGBs in the
material with the lowest pressing temperature resulted in the occurrence of low
temperature superplasticity (LTSP). The material achieved an elongation to failure of
213 % with an initial strain rate of 2 x 107 s already at 250 °C. where the grain size
remained virtually the same as in the initial state after ECAP (see Fig. 44 (a)). The
maximum ductility of 360 % was achieved at 300 °C and a true strain rate of 1 x 107 s
[ he rare combination ot high strain rate superplasticity and a low homologous temperature
was made possible by the average grain size still smaller than 1um and the relatively high
HAGB tracuion approaching 60 % at 300 °C. The material remained superplastic up to
330 C and at higher temperatures lost its superplastic properties due to the coarsening of
the microstructure Similar results were reported by Liu et al. in a very recent study of a
friction stir processed Al - Mg alloy [210]. which exhibited [.TSP between 200 and 300 “°C
but the loss of superplastic behavior due to pronounced grain coarsening occurred already
at 330 ~C. despite the simultaneous addition of Zr and Sc. These results are in accord with
the above discussed influence of the stored deformation energy on the ability of the Al

(Sc. Zr) precipitates to enhance the recrystallization resistance in SPD alloys. In terms of
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deformation mechanisms, the detrimental effect of the grain coarsening on superplastic
deformation was demonstrated in the present work by examining the mesoscopic
homogeneity of grain boundary sliding using light microscopy (section 5.3.4). The
pronounced grain coarsening at 450 “C decreases the homogeneity of GBS by several
orders of magnitude, making the displacements at individual grain boundaries too large
and too fast for accommodation mechanisms to follow. This effect also manifests itself in
the displacement of the maximum strain rate sensitivity values toward substantially lower
strain rates (see Fig. 62 (b)).

For these reasons. the optimum superplastic properties were achieved in the
material with the intermediate pressing temperature (170 “C). which still benefited from a
sub micrometer average grain size and a high fraction of HAGRBs. but at the same time
already exhibited a substantially greater stability of the UFG microstructure at elevated
temperatures. due to the lower stored energy resulting from the increased temperature of
ECAP. The material exhibited enhanced superplastic ductility at very high strain rates up
to 1 x 10" s, which is by one order of magnitude higher than the bottom limit for high
strain rate superplasticity [130]. The appearance of the tensile specimens strained to failure
documents the homogeneous deformation with virtually no necking. In terms of the strain
rate for superplastic flow. these results count among the best reported to date for ultra-fine
grained alloys produced by ECAP. with the exception of the FCAP Zn — 22 %0 Al eutectoid
alloy studied by lLee and langdon 211] For comparison. see the recent review of
superplastic properties reported in UFG materials by Kawasaki and 1 angdon [212].

The material with the highest  pressing temperature  exhibited  superior
microstructural stability up to 500 “C. which already approaches the temperature of partial
melting for the given alloy. but the larger grain size and most hikely also the lower HAGB
fraction did not allow for superplastic properties at high strain rates comparable 10 those
achieved in the material with 1, ap = 170 “C. It should be emphasized once more that the
superplastic properties of the three materials were most likely not signiticantly intfluenced
by potential differences in phase changes and redistributions. or precipitate fragmentation
during ECAP at difterent temperatures. as the material was prepared in an overaged state
(with 8 h of static annealing tollowed by slow turnace cooling prior 10 the pressing) 1o
limit such etfects (see section 4.1). We can theretore conclude that the optimization of
ECAP conditions in order 1o achieve high strain rate superplastcity in the processed
material requires in particular a caretul selection of the pressing temperature. which would

ensure sutticient microstructural retinement. but at the same time would not lead 10 an
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accumulation of an extremely large amount of stored deformation energy. with the
consequence of rapid grain coarsening at elevated temperatures. Only in the particular
situation where low temperature superplasticity 1s preferred over a general optimization of
the superplastic properties should the pressing temperature be relatively low. as during
superplastic deformation at lower temperatures. where the materials are not as susceptible
to recrystallization. the grain size and the fraction ot high angle grain boundaries play an

increasingly important role.

A substantial improvement of the ductility at the highest strain rates was observed
in the material with the intermediate pressing temperature when the number of ECAP
passes was increased trom 6 to 8. The same trend. reported in earlier studies of the 7034
and 1420 Al allovs [213-215]. was attributed to an increasing HAGB fraction with
increasing number of passes. However. the increase was not directly documented for the
materials in question. In the present work. EBSD measurements were performed. but they
did not provide undisputable evidence for such an increase resulting from the additional
two passes. when the material was examined after static annealing at the temperature
which corresponded to optimum superplastic properties. Nevertheless. a shitt of the HAGB
peak towards higher misorientation values was clearly visible (Fig. 54 (b)). For an
unambiguous explanation of the enhanced superplastic properties observed upon an
increase 1n the number of ECAP passes. turther experimental data would be needed.
concerning the grain boundary misorientation distribution obtained from the gauge sections
ot samples strained at optimum superplastic conditions. This represents one of the
prospective topics for future investigations.

Finally. the set of microhardness measurements performed on the material with 8
passes of FCAP at 170 “C demonstrated that precipitation treatment applied after
superplastic detormation at 4350 “C and an initial strain rate of 1 x 10" s can successfully
be used tor a considerable enhancement of the alloy’s room-temperature strength (see Fig.
72). The increase in strength resulting trom ECAP is followed by a partial softening after
the superplastic deformation. resulting most likely from a combination of recovery and
continuous recrystallization, possibly also accompanied by a certain extent of cavitation.
However. the subsequent precipitation treatment results in further hardening. far beyond
the level achieved by the equal-channel angular pressing itself. The results demonstrate
that the AA 7075 - Sc¢ - Zr alloy processed by ECAP with optimized pressing conditions

can not only undergo superplastic forming at very high strain rates, but also achieve high



room-temperature strength after the forming. which documents the potential for
commercial applications of ultra-fine grained 7XXX class aluminum alloys with Zr and Sc

additions.
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7.  CONCLUSIONS

In the present work. an AA 7075 aluminum alloy was subjected to ECAP with three
difterent pressing temperatures (120. 170. and 220 °C). both in its commercial variant and
in a modification with Zr and Sc additions. Complex microstructural characterization was
carried out using a wide range of complementary methods in the initial state after the
pressing. as well as after static anncaling at elevated temperatures. The findings were
correlated to the mechanical properties resulting trom the equal-channel angular pressing.
with main emphasis on the alloys™ superplastic behavior. The principal objectives of the
investigation were to examine the possibility of using ECAP to obtain enhanced
superplastic properties in a 7XXX class aluminum alloy. and at the same time to study the
influence of different ECAP conditions. as well as the simultaneous addition of Zr and Sc.
on the development of specitic microstructural characteristics which are needed for the
optimization of superplastic behavior with respect to potential commercial applications.

The main results can be summarized as tollows:

. 6 passes of ECAP. route B. were successtully applied to refine the
microstructure of the studied alloy down to the sub-micrometer level, with average
orain sizes for the lower two pressing temperatures equal to 0.5 and 0.7 pm,

respectively.

o A decrease in the temperature of ECAP was found to result in a decrease in
vrain size and an increase in the fraction of high angle grain boundaries,
accompanied by higher dislocation densities and remarkably high orientation
gradients inside the individual ultra-tine grains. Accordingly. the decrease of the
pressing temperature led to an increase in room-temperature strength, but at the

same time a decrease in ductility,

b | he direct comparison of the ECAP AA 7075 — Zr — Sc and the material
without the Zr and Sc additions provided clear and unambiguous evidence for the
strong stabilizing effect of Zr and Sc¢ in UFG Al - Zn — Mg — Cu alloys produced

by severe plastic deformation.



Due to its ultra-fine grain size and a high HAGB fraction (~ 60 %). the Zr and
Sc modified alloy with the lowest pressing temperature (120 “C) exhibited low
temperature superplasticity. with a ductility of 215 % alreadyv at 250 “°C and an
initial strain rate of 2 x 10 s”. At 300 °C. the alloy achieved an elongation to
failure of 360 % with a true strain rate of 1 x 107 s — i.e. the bottom limit for high
strain rate superplasticity. However. the large amount of stored deformation energy
resulting from the low temperature of ECAP acted against the stabilizing effect of
the Zr and Sc additions. with the consequence of microstructural coarsening and
a loss of superplastic properties at temperatures above 350 “C.

The alloy with the highest pressing temperature exhibited superior resistance to
recrystallization. but also a larger average grain size and a lower HAGB fraction.
Optimum superplastic properties were therefore achieved in the AA 7075 - Zr - Sc
alloy with the intermediate temperature of ECAP (170 “C). which represented an
ideal compromise in terms of the grain size. HAGB fraction. and microstructural
stability at elevated temperatures. The material exhibited HSRSP with enhanced
superplastic ductilities at remarkably high strain rates upto 1 x 107 87" In terms of
strain rate for superplastic flow. this counts among the best results reported to date

for ultra-fine grained alloys produced by FCAP.

An increase 1n the number of EFCAP passes from 6 to 8 resulted in further
improvement ot the superplastic properties at high strain rates in the material with
the intermediate pressing temperature. The alloy reached an elongation to tailure ot

650 % at 450 °C and an initial strain ratc of 1 x 107" &

It was demonstrated that the material which resulted trom the opumization ot
the ECAP conditions. based on the findings of the present study. can not onh

1

undergo superplastic torming with an iniual stramm rate ot 1 x 10 s but also
achieve high room-temperature strength atter the torming. when subjected 1o
standard precipitation treatment. lThis documents the major mmportance ot the
specitic pressing parameters during the development of @ new material with

advanced mechanical properties. but at the same ume also the potenual tor

commercial applications of UFG 7XXX aluminum allovs with Zr and Sc¢ additions
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[t can be concluded that the objectives set at the beginning of the study were
fulfilled. The perspectives for future investigations ensuing from the present work include
especially the characterization of the grain boundary misorientation distribution in the
gauge sections of difterent superplastically deformed samples. An area of particular
interest lies in the possibility to elucidate the origin of the enhanced superplastic properties
at high strain rates. recorded after the increase in the number ot ECAP passes tfrom 6 to 8.
[t could also be beneficial to study the cavitation during superplastic deformation as a
function of different straining and ECAP conditions. Finally. to further explore the
potential for commercial applications. it would be of interest to carry out a more detailed
study on the room-temperature mechanical properties of the material after high strain rate
superplastic  forming ftollowed by precipitation treatment. including for example

a characterization of its fatigue properties
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LIST OF ABBREVIATIONS

ACOM
AFM
ARB
CD
CEC
CGBS
DC
DDW
DD/
EBSD
ECAP
ECAR
FEG
FSP
FSW
GBD
(IBS
HAGB
HP I
HSRSP
| AGH
[LID

[ ISP
MDI
MEMS
QP
RCS

RD-ECAP

RSCS
SEM
SPD
SPh
SR

|
['EM
LEEG
LTS
YS

automated crystal orientation mapping
atomic force microscopy

accumulative roll-bonding

- cellular dislocation

-¢velic extrusion and compression

cooperative grain boundary sliding
dislocation creep
dense dislocation wall

deformation dead zone

- electron backscattered diftraction

equal-channel angular pressing
equal-channel angular rolling
field emission gun

friction stir processing

friction stir welding

-grain boundary dislocation

grain boundary sliding

high angle grain boundary

- high-pressure torsion

high strain rate superplasticity

low angle grain boundary

lattice dislocation

low temperature superplasticity

multi directional forging
micro-electro-mechanical systems

quick plastic torming

repetitive corrugation and straightening
rotary-die equal-channel angular pressing
repetitive shear corrugation and straightening
scanning electron microscopy

severe plastic deformation

superplastic forming

strain rate change

~ IWISL extrusion

transmission electron microscopy

- ultra-fine grained

ultimate tensile stress

vield stress
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