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Abstract

An ultrafine-grained (UFG) Al-30wt.%Zn alloy was processed by high-pressure torsion
(HPT) and then the mechanical and microstructural properties were investigated using depth-
-sensing indentations (DSI), focused ion beam (FIB), scanning electron microscopy (SEM) and
differential scanning calorimetry (DSC). Emphasis was placed on the microstructure changes
due to HPT processing as well as the effects of grain boundaries and the unusually high strain
rate sensitivity. The deformation characteristics are explained by the formation of a Zn-rich
phase which wets the Al/Al grain boundaries and enhances the role of grain boundary sliding
in this UFG alloy. The occurrence of intensive grain boundary sliding in this UFG alloy at
room temperature was also demonstrated by deforming micro-pillars. It is shown that, as a
result of grain boundary sliding, the plastic deformation process of the UFG samples remains
stable even at the micro-scale without the intermittent flow and detrimental strain avalanches
which are an inherent feature of micro-size conventional crystals. This result illustrates the
advantage of using UFG materials for effective applications in micro-devices.
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1. Introduction

The Al-Zn alloys are probably the best known
of all aluminum-based alloys. In this system there
are some typical compositions such as the eutectic
Al-95wt.%Zn, the eutectoid Al-78wt.%Zn and solid
solutions having Zn contents lower than 31.6 wt.%:
all of these materials have been extensively stud-
ied [1-8]. Recently, the supersaturated solid solution
Al-30wt.%Zn alloy, which is an important basic mater-
ial in the aluminum industry, was processed by severe
plastic deformation (SPD) using high-pressure tor-

sion (HPT) [8, 9]. As a consequence of the severe de-
formation, an ultrafine-grained microstructure was ob-
tained in this alloy and the material exhibited a super-
ductility at room temperature with unusually high
elongations up to 150 % and relatively high strain rate
sensitivities [4, 5]. It is well known that the ultrafine-
grained (UFG) materials produced by SPD generally
exhibit only limited tensile ductilities of about 5-10 %
and this is correlated with the extremely low strain
rate sensitivity (SRS) of about 0.01-0.03 for these ma-
terials [10]. It is also well established that UFG mater-
ials generally have reasonably saturated microstruc-
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tures with a steady-state dislocation density [11] and
under these conditions the role of the grain boundaries
is enhanced in post-SPD deformation processes. Evid-
ence is now available suggesting that grain boundary
sliding (GBS) may occur more easily at room temper-
ature (RT) in UFG metals [4-7, 12-15]. It should be
noted that for the HPT-processed Al-30wt.%Zn alloy
both grain refinement and a decomposition [2, 6] char-
acterized the microstructural changes associated with
SPD.

In this report, some recent [4-7] and additional
results are summarized describing the microstructural
and the flow characteristics of the HPT-processed Al-
-30Zn alloys and this permits an interpretation of the
high ductility of this UFG alloy. In order to demon-
strate the effect of the alloying (Zn) atoms, some of the
investigated characteristics are compared with results
obtained for UFG pure Al processed also by HPT and
for an annealed Al-78wt.%Zn eutectoid alloy.

2. Experimental material and procedures

The experiments were conducted using an alumi-
num-based alloy containing 30 wt.% Zn prepared from
high-purity components by vacuum induction melt-
ing. Disks having diameter of 20 mm and thickness
of 0.8 mm were prepared from the as-cast alloy and
then homogenized at 773K for 5h to give a solid
solution microstructure with equiaxed grains having
a mean size of ~ 65 um. These disks were processed
by HPT for 5 turns at room temperature under quasi-
-constrained conditions [16] using a pressure of 6.0
GPa and a rotation speed of 1 rpm. Samples were cut
from the HPT-processed disks for mechanical investig-
ations at a distance of 5 mm from the sample centre. In
order to follow the changes in the microstructural and
mechanical properties of the UFG Al-30wt.%Zn al-
loy, additional HPT-processed pure Al and additional
Al-78wt.%Zn eutectoid samples were also investig-
ated. An as-cast high purity (4N) Al was homogen-
ized at 400°C for 1 h. Disks having thickness of
~ 0.8 mm with diameter of 10 mm were processed by
HPT at room temperature under an imposed pres-
sure of 6.0 GPa for 5 turns. The microstructure of
the HPT-processed pure Al consisted also of equiaxed
grains having an average size of ~ 1.2 pm where this
grain size is consistent with that reported earlier for
high-purity Al using ECAP [17, 18] and HPT [19].
The Al-78wt.%Zn eutectoid samples were annealed at
473 K for 1 h to produce a reasonably homogeneously
distributed microstructure of alternating Zn-rich and
Al-rich phases [20].

Nano-compression was used to deform micro-
-pillars. These tests were undertaken at room tem-
perature using a flat-ended conical diamond indenter
within a UMIS device operating under a force F, that

Fig. 1. Microstructure of the Al-30Zn alloy in an annealed
state before HPT processing.

increased linearly with time up to 4 mN using an im-
posed loading rate of 1072 mN s~. To avoid any pos-
sible damaging effect from extremely high strain ava-
lanches, the indenter was automatically stopped at a
maximum compression depth of 2 um.

Micro-pillars having diameters of ~ 3 pum and
heights of ~ 10 um were prepared on the surfaces of
the polished disks using scanning electron microscopy
(SEM) and focused ion beam (FIB) functions in a
multi-functional Quanta 3D operating at a voltage of
30kV for different currents of Ga™ ions. Further de-
tails on the pillar-preparation were given earlier [6].

The existence of precipitates and different phases
was examined by differential scanning calorimetry
(DSC) using a Perkin-Elmer DSC2 calorimeter from
300 to 650 K with a heating rate of 20 K min—!.

3. Experimental results and discussion

a) Microstructural and plastic characteristics of the
HPT-processed Al-30Zn alloy

Figure 1 shows the initial microstructure of the Al-
-30Zn alloy having a coarse average grain-size of
50-60 pm before HPT. It was shown earlier [2, 4]
that during the HPT process the originally supersat-
urated solid solution microstructure decomposes as
demonstrated in Fig. 2. The microstructure of the
Al-30wt.%Zn alloy after HPT contained equiaxed ul-
trafine Al grains having an average size of 300-400 nm
with smaller Zn particles located mainly at the triple
junctions of the Al grains. Recent transmission elec-
tron microscopy (TEM) and energy dispersive spec-
troscopy (EDS) results [7] on grain boundaries (GBs)
show that more than 50 percent of the Al/Al grain
boundaries are wetted by Zn-rich layers and an ex-
ample is visible in Fig. 3.

Applying nano- and micro-indentation tests [5], it
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Fig. 2. Microstructure of the HPT-processed UFG Al-30Zn alloy at two magnifications [4].
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Fig. 3. Zn-rich layers in Al/Al grain boundaries in the

HPT-processed UFG Al-30Zn alloy, demonstrated by (a)

TEM and (b) EDS line profile analysis showing the local
Zn concentration along the boundary [7].

was demonstrated that the plastic deformation pro-
cess of the UFG Al-30%Zn can be characterized by
an unusually high SRS and also an unusually rapid
diffusion even at room temperature. The results ob-
tained by both nano-and micro-indentation measure-
ments show that the UFG Al-30Zn sample is much
more sensitive to the deformation rate. Specifically,
the SRS obtained on the UFG alloy is unusually high
at about 0.22 which is seven times larger than for the
conventional coarse-grained sample. It is important to
note that, although a significantly higher SRS can be
expected for UFG materials [21], the increased SRS is
not the direct consequence of the fine-grained struc-
ture. For example, in the case of UFG Al and Cu, the
SRS remains very low at only about 0.01-0.03 [10].
Together with the increased SRS, a relatively low
activation energy was obtained for this UFG al-
loy. The experimentally determined activation en-
ergy of 65kJmol~! is lower than the values for
self-diffusion in Al (142kJmol~! [22]), self-diffusion
in Zn (92kJmol™! [22]) or grain boundary dif-
fusion in Al (84kJmol™' [22]). Therefore, it is
concluded that in the UFG Al-30Zn the process
of plastic deformation is not controlled by self-
-diffusion of Al or Zn. Furthermore, the activation
energy (65kJmol~!) obtained for the UFG Al-30Zn
alloy is lower than the value of ~78kJmol™! [23]
obtained for the conventional eutectoid composition
of Al-78wt.%Zn which is a well known model al-
loy showing superplasticity. Considering the diffu-
sion coefficient D, given as D = Dgexp(—Q/RT),
where Dy is a frequency factor, ) is the appro-
priate activation energy for the diffusive process
and R is the universal gas constant, the low ac-
tivation energy leads to a relatively high diffu-
sion process at room temperature for the UFG
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Al-30Zn sample. Taking the value of Dy in the range
between 1.3 x 107° and 1.7 x 107* m?s~! [22] char-
acterizing the diffusion processes of Al and Zn, the dif-
fusion coefficient of ~ 1.6 x 10716 m? s~! estimated
for flow of this alloy at RT (300K) is about 3 orders
higher than the value of ~ 1071 m? s~! characterizing
Al self-diffusion along the Al/Al grain boundaries or
self-diffusion of Zn. The diffusion coeflicient of grain
boundary diffusion in Al or that of self-diffusion in Zn
may take values of ~ 1.6 x 107 m2 s~! but only at a
much higher temperature of ~ 400 K. The estimated
value of the diffusion coefficient D at room temper-
ature for the HPT-processed UFG Al-30wt.%Zn al-
loy correlates reasonably with the measured diffusivity
(~ 1071 m?2 s~ 1) for Zn along Al/Al grain boundaries
[24, 25]. Considering also the existence of Zn-rich lay-
ers in the Al/Al grain boundaries, it is reasonable to
conclude that the occurrence of grain boundary slid-
ing observed in this UFG alloy at room temperature
is controlled primarily by Zn diffusion along the Al/Al
grain boundaries [7].

b) Nano-compression measurements: effect of
intensive grain boundary sliding

The measured high diffusivity suggests a significant
role for grain boundary sliding in the UFG Al-30Zn
alloy. In order to check this prediction, micro pillars
were prepared and deformed by nano-compression [6,
7].

Figure4 shows typical compression curves ob-
tained from micro-pillars on the surfaces of both con-
ventional (annealed) and UFG Al-30Zn samples. In
order to demonstrate also the usual strength and the
flow processes of these samples, the experimentally
measured load-depth curves (Fig. 4a) and the calcu-
lated stress-strain curves (Fig. 4b) are presented. As
the compression process takes about 100s, the strain
rate (¢) of the flow process of the UFG micro-pillars
may be estimated as ~ 107257 L. Since the flow stress
is ~200-300 MPa at strains between 10 and 20 %,
the stress-strain curves obtained for the UFG micro-
-pillars by nano-compression are quite similar to those
of macroscopic samples deformed by tensile testing [4].

Considering the deformation of the micropillars,
further essential differences are observed between the
conventional and UFG materials. In the case of the
conventional samples, where the pillars are single crys-
tals fabricated from different coarse grains, the com-
pression curves show the presence of visible strain ava-
lanches. This is a well-known phenomenon character-
izing the plasticity of micrometer-scale single crystals
[26-30]. In contrast to this behaviour, the curves ob-
tained for the UFG pillars are smooth and there is
an absence of any strain avalanches. It is noted that
the UFG micro-pillars are polycrystalline even at the
micro-scale because of the exceptionally small grain
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Fig. 4. Typical compression (a) load-depth and (b) stress-
-strain curves obtained for micro-pillars on the sur-
faces of both the conventional and HPT-processed UFG
Al-30wt.%Zn samples: note that the pillars on the conven-
tional sample are single crystal pillars showing evidence
for strain avalanches whereas the UFG pillars are poly-
crystalline and show the occurrence of stable deformation
without avalanches [7].

size of ~ 300—400nm. Therefore, when interpreting
the plastic behaviour of these UFG samples, the role
of the grain boundaries should be considered. It is well
known that grain boundaries may act as obstacles for
the moving dislocations but also they may become dis-
location sources. Furthermore, if grain boundary dif-
fusion is enhanced, leading to significant grain bound-
ary sliding, the deformation process will take place
primarily by the motion of grain boundaries. Because
of these compensating effects, catastrophic slip events
cannot take place in the polycrystalline pillars. There-
fore, the smooth flow of the UFG samples is attributed
unambiguously to the effects of the grain boundaries.

An examination of the compressed micro-pillars by
SEM also revealed significant differences between the
surface morphologies of the conventional and UFG
samples. Figure 5 shows typical surface morphologies
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Fig. 5. The surface morphologies of compressed micro-
-pillars on the surface of (a) the conventional sample where
strain localizations and extreme slip bands are observed
corresponding to the avalanches visible in Fig. 2 and (b),
(c) the HPT-processed UFG Al-30wt.%Zn sample in low
and high magnifications, respectively, where there is dir-
ect evidence for the occurrence of intensive GBS without
localizations and extreme slip [7].

of both samples. For the conventional state, as in
Fig. ba, strain localizations and extreme slip bands
are observed near to the direction of maximum shear
stress at 45° relative to the orientation of the com-
pression stress. These strain localizations and extreme
slip bands correlate with the strain avalanches visible
in the compression curves of the micro-pillars on the
conventional sample shown in Fig. 6. The large strain
fluctuations lead to difficulties in plastically deforming
micrometer-scale single crystals because of the pos-
sibility of catastrophic failure and for this reason the
micrometer-sized samples of coarse-grained metals are
not suitable for use in the fabrication of micro-devices.

In contrast to the case of conventional samples,
no strain localizations and extreme slip bands are
observed on the surface morphologies of the de-
formed UFG micro-pillars as in Figs. 5b,c at differ-
ent magnifications. Furthermore, the surface morpho-
logies demonstrate clearly the occurrence of intens-
ive grain boundary sliding in the plastic deforma-
tion of the ultrafine-grained pillars. It can be seen
for these samples that the compensating effect of the
grain boundaries has converted the global maximum
shear stress along the direction of 45° into the motion
of individual ultrafine-grains, resulting in deformation
which has cylindrical symmetry as rings of refined
grains are displaced around the sample. The obser-
vations shown in Figs. bb,c are consistent with the
smooth compression load-depth curves of the UFG
sample shown in Fig. 4. The stable deformation by
GBS of the UFG micro-pillars, without the occur-
rence of any catastrophic avalanches, emphasizes the
advantage of the GBS mechanism and suggests a po-
tential for using these UFG materials in the fabrica-
tion of micro-devices.

¢) DSC measurements: effect of decomposition on the
thermograms

The explanation for the unusually high diffusiv-
ity and plastic behaviour is due to the development
of thin layers of a Zn-rich grain boundary phase. In
this model, the high ductility state corresponds to
the UFG structure where large fractions of the Al/Al
boundaries are wetted with thin Zn-rich layers formed
during the HPT processing [3]. Therefore, it is neces-
sary to consider the nature of the Zn-rich phase which
provides lubrication and thereby facilitates easier GB
sliding and consequently enhanced ductility in the
HPT-processed UFG Al-30Zn alloy.

Figure 6 shows DSC thermograms taken on the
conventional and UFG Al-30Zn samples. It can be seen
that there is a significant difference between these two
DSC curves. For the conventional sample in Fig. 6a,
well defined endothermic peaks are observed showing
the dissolution of Guinier-Preston (GP) zones at the
lower temperature peak and then the solid solution
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Fig. 6. DSC measurements showing: (a) thermograms ob-
tained on conventional and HPT-processed Al-30wt.%Zn
alloys, (b) two components of the DSC thermogram ob-
tained on HPT-processed Al-30wt.%Zn alloy and (c) ther-
mogram of the conventional Al-30wt.%Zn and two com-
ponents of HPT-processed Al-30wt.%Zn alloy.

of Zn in Al at the higher temperature peak [31]. The
curve obtained for the UFG alloy, also in Fig. 6a, con-
tains only one shoulder-shape endothermic peak in-
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Fig. 7. DSC measurements showing the thermogram ob-
tained on the eutectoid Al-78wt.%Zn alloy and the two
components of the thermogram obtained on HPT Al-
-30wt.%Zn, indicating the presence of a new and near eu-
tectoid phase in the HPT-processed Al-30wt.%Zn alloy.

dicating significant changes in the microstructure of
the Al-30Zn alloy after the HPT processing. It can
be seen clearly that after the HPT process there is no
peak at low temperatures showing that GP zones were
not formed in the HPT-processed sample. This con-
firms the decomposition of the supersaturated (con-
ventional) state as was also observed by an earlier
transmission electron microscopy (TEM) investigation
[2, 4]. Furthermore, the single shoulder-shape endo-
thermic peak is shifted to a higher temperature re-
lative to the temperature of the second peak of the
conventional sample, suggesting a phase-transition in
this alloy due to the SPD in the HPT processing.

Analysis shows that this thermogram obtained
on the HPT-processed Al-30Zn is composed of two
components as in Fig. 6b where one (designated
component-1) is similar to the second peak of the
conventional sample (see Fig. 6¢) showing also the
solid solution of Zn in Al. This component repres-
ents solution of the Zn particles, which are located
mainly at the triple junctions of the Al grains [4],
into the Al matrix in the HPT-processed Al-30Zn al-
loy. The second component (designated component-2
in Fig. 6b) indicates the presence of a new phase as
the DSC curve characterizing this component is un-
usual and is not observed in the conventional sample.
It should be noted that the peak temperature of this
component-2 is ~ 25 K higher than for the second
peak of the conventional sample (see Fig. 6¢).

In Fig. 7, both the curves of component-1 and
component-2 are re-plotted together with the thermo-
gram recorded from a eutectoid composition of Al-
-78wt.%Zn. It can be seen that the endothermic peak
of the DSC curve of component-2 is very close to
that from an eutectoid sample. This result from the
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DSC measurements leads to the conclusion that the
new phase indicated by component-2 has a com-
position close to that of the well known eutect-
oid Al-78wt.%Zn alloy. This Zn-rich component-2,
a near-eutectoid phase, is certainly in the Al/Al
grain boundaries providing Zn-rich boundaries which
produce super-ductility by enhancing the diffusiv-
ity of Zn between the Al/Al grains. It should
be noted that the volume fraction of this new
near-eutectoid phase is low in the HPT-processed
Al-30wt.%Zn sample, leading to a lower heat of dis-
solution with a smaller corresponding area relative to
that obtained for the eutectoid sample.

The complex shape of the DSC curves in the HPT-
-processed Al-30Zn alloys driven by the existence of
GB phases was also observed in an earlier report [3].
Thus, further investigations are now needed to provide
a comprehensive explanation for the origin of these
unusual Zn-rich layers which are formed in the HPT-
-processed Al-30wt.%Zn alloy.

5. Summary and conclusions

1) The characteristics of room temperature plastic
deformation and microstructural properties of an
HPT-processed, ultrafine-grained Al-30wt.%Zn al-
loy were investigated using nano-indentation, nano-
-compression and differential scanning calorimetry.

2) Unique observations reveal the occurrence of in-
tensive grain boundary sliding at room temperature in
the UFG Al-30wt.%Zn alloy, thereby confirming the
basic deformation mechanism even in samples hav-
ing a size at the micrometer scale. The occurrence
of sliding provides an explanation for the unusually
high SRS and the high ductilities in this material.
Furthermore, as a result of grain boundary sliding,
the plastic deformation of the UFG samples remains
stable even at the micro-scale without the occurrence
of intermittent flow and detrimental strain avalanches
which characterize micro-sized conventional crystals.
This stability demonstrates the potential for using
UFG materials for their effective application in micro-
-devices.

3) It is shown that, together with a decomposi-
tion of the supersaturated state, a Zn-rich new phase
forms in the ultrafine-grained microstructure due to
the severe plastic deformation imposed during high-
-pressure torsion. The enhanced diffusivity of Zn along
the Al/Al grain boundaries promotes flow by grain
boundary sliding and leads to an increased ductility
in the UFG Al-30wt.%Zn alloy. These results demon-
strate the beneficial improvement in ductility that fol-
lows from enhanced diffusion of Zn along the grain
boundaries in a UFG Al alloy after processing by
severe plastic deformation and accordingly the results
suggest a new and alternative procedure for develop-

ing ductility in ultrafine-grained materials processed
using SPD procedures.
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