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a  b  s  t  r  a  c  t

The  characteristics  of  plastic  deformation  of  an  ultrafine-grained  (UFG)  Al–30  wt.%  Zn  alloy  were  inves-
tigated  using  depth-sensing  micro-  and  nanoindentation.  Emphasis  was  placed  on  the  effects  of  grain
boundaries  and  the  unusually  high  strain  rate  sensitivity.  It is  shown  that  there  is  a close  relationship
between  enhanced  strain  rate  sensitivity  and  ductility  in  this  UFG  material  and  this  is  associated  with
grain boundary  sliding  and  enhanced  diffusion  along  the  Al/Al  grain  boundaries  which  appear  to  be
wetted  by  Zn-rich  layers.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

It is now well established that bulk ultrafine-grained (UFG)
materials may  be achieved by using severe plastic deformation
(SPD) techniques such as equal-channel angular pressing (ECAP) or
high-pressure torsion (HPT) [1–3]. As a consequence of the severe
deformation, the UFG materials generally have reasonably satu-
rated microstructures with a steady-state dislocation density [4].
Furthermore, in the UFG materials the role of the grain boundaries
is generally enhanced in post-SPD deformation processes thereby
leading to high strength [5,6]. There is direct evidence suggesting
that grain boundary sliding (GBS) may  occur more easily at room
temperature (RT) in UFG metals [7–9]. At the same time, the UFG
materials produced by SPD typically exhibit very low – about only
5–10% – tensile ductility at ambient temperature due to an exhaus-
tion in the work hardening capacity. In addition, the low ductility
is correlated with the extremely low strain rate sensitivity (SRS) of
only about 0.01–0.03 characterizing these materials [10].
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Because the low ductility limits the practical applications, sev-
eral attempts have been made to improve the tensile ductility of
the UFG materials. As the ductility is controlled mainly by work
hardening and/or the strain rate sensitivity [9],  it was possible to
successfully improve the tensile ductility of some UFG metals up
to ∼40–50% by enhancing the work hardening [11–13].  Recently,
it was demonstrated that SPD is capable of increasing the room
temperature ductility of an HPT-processed UFG Al–30 wt.% Zn alloy
leading to unusually high elongations up to 150% while maintain-
ing an enhanced strength [9].  Thus, the objective of the present
investigation was to study and analyze the main plastic character-
istics which delineate the high ductility of this UFG Al–30 wt.% Zn
alloy. In order to demonstrate the unusual mechanical properties
of the alloy, the mechanical characteristics are compared also with
results obtained for UFG pure Al processed by HPT.

2. Experimental materials and procedures

As-cast high purity (4 N) Al and an Al–30 wt.% Zn alloy were
homogenized at 500 ◦C for 1 and 5 h, respectively. Disks having
thicknesses of ∼0.8 mm with diameters of 10 mm for Al and 20 mm
for Al–30 wt.% Zn were prepared for the subsequent HPT process-
ing. The disks were processed by HPT at room temperature under
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an imposed pressure of 6.0 GPa. The straining was continued up to
a total of 5 turns at a rotation speed of 1 rpm. Samples for investi-
gation were cut from the HPT disks at a distance of approximately
one-half radius from the center where this distance corresponds
to a shear strain of ∼6 [3].  The microstructure of the Al–30 wt.%
Zn alloy after HPT contained equiaxed ultrafine Al grains having an
average size of ∼380 nm with smaller Zn grains located mainly at
the triple junctions of the Al grains [9].  The microstructure of the
HPT-processed pure Al consisted also of equiaxed grains having an
average size of ∼1.2 �m where this grain size is consistent with
that reported earlier for high-purity Al using ECAP [14,15] and HPT
[16].

The mechanical properties were studied using both depth-
sensing micro- and nanoindentation tests controlled by computer.
The data of depth and load were recorded as a function of time.
The microindentation measurements were carried out using a Shi-
madzu machine with Vickers microindenter operating under a
force, F, that increased linearly with time, t, through an imposed
loading rate between 0.25 and 70 mN s−1. It may  be estimated from
an earlier analysis [17] that the equivalent strain rate, ε̇eq, around
the edge of the indenter at the end of the indentation process is
proportional to the loading rate. Applying microindentation at a
maximum load of 2000 mN,  the equivalent strain rate, ε̇eq, was
varied between 6.25 × 10−5 and 1.75 × 10−2 s−1. The size of the
indenter patterns was ∼50–100 �m,  covering at least 5000 grains
so that quasi-macroscopic behavior may  be observed. The reported
microhardness values are the averages of at least 5 individual mea-
surements. The error bars on these average values were estimated
as <5%. The equivalent yield strengths, �eq, were taken as one-third
of the hardness values in the present analysis.

Nanoindentation was applied to monitor the effect of the grain
boundaries. The nanohardness measurements were carried out
using a UMIS nanoindentation device with a Berkovich indenter and
applying maximum loads of 0.5 and 1 mN  with loading rates of 10−2

and 2 × 10−2 mN s−1. A series of 400 indentations was recorded
with the indents arranged in a 20 × 20 matrix with a neighbor-
spacing of 20 �m at a given maximum load and loading rate. The
maximum indentation depth, hmax, was between 60 and 180 nm
depending on the applied maximum load and also on the local
hardness.

3. Experimental results and discussion

Recently [4,8] it was shown for face-centered cubic (f.c.c.) met-
als with ultrafine-grained structure that plastic deformation during
uniaxial compression takes place at the saturation flow stress
which corresponds to a dynamic equilibrium between the forma-
tion and annihilation of dislocations. The strain rate, ε̇,  for the

saturation state may  be described through the relationship gen-
erally applied in steady-state creep [18]:
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where A is a dimensionless mechanism-dependent constant, D is
the diffusion coefficient, G is the shear modulus, b is the Burgers
vector, k is Boltzmann’s constant, T is the absolute testing tem-
perature, n is the stress exponent, and p is the inverse grain size
exponent for the grain size, d. The diffusion coefficient, D, is given as
D = D0 exp(− Q/RT), where D0 is a frequency factor, Q is the appropri-
ate activation energy for the diffusive process and R is the universal
gas constant. In addition, the strain rate sensitivity, m,  characteriz-
ing the deformation process is the reciprocal of the stress exponent
(m = 1/n). Using the parameters m and Q, Eq. (1) may  be rewritten
as:
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where K1 is a microstructure-dependent constant for a selected
metal having a constant grain size. Assuming a constant strain rate,
Eq. (2) may  be expressed as
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where K2 is another constant.
It follows from Eqs. (2) and (3) that the values of m and Q can

be determined from the slope of a straight line fit to the ln � − ln ε̇
data at a selected temperature and the slope of a straight line fit to
the (ln � − m · ln T) − 1/T data at a constant strain rate, respectively.
Fig. 1 shows such a set of ln �eq − ln ε̇eq and (ln �eq − m · ln T) − 1/T
relationships using the equivalent strain rate, ε̇eq, and equivalent
stress, �eq, obtained by microindentation using a Vickers indenter.
Fig. 1 allows a calculation of the experimental values of m and Q,
respectively, for the two  HPT-processed UFG samples.

It is apparent that the quantities obtained by indentation
(m ≈ 0.03 and Q ≈ 87 kJ/mol) for UFG Al are in good agreement with
the values reported earlier from compression testing (m ≈ 0.03 and
Q ≈ 82 kJ/mol) [8].  Although the value of m for UFG Al is very small,
it is typical of the low values of the strain rate sensitivities generally
recorded in f.c.c. metals deformed at low temperatures [10,19,20].
In addition, the measured activation energy is very close to the
value of ∼84 kJ/mol anticipated for grain boundary diffusion in pure
Al [21].

For the UFG Al–30 wt.% Zn alloy, the value of the strain rate sen-
sitivity (m ≈ 0.22) is unusually high and this is consistent with the
high ductility at room temperature where elongations to failure
were achieved of up to more than 150%. However, the experimen-
tally determined activation energy of 65 kJ/mol is lower than the

Fig. 1. An evaluation of (a) the strain rate sensitivity, m, and (b) the activation energy, Q, for HPT-processed, UFG Al and Al–30 wt.% Zn alloy.
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values for self-diffusion in Al (142 kJ/mol [21]), self-diffusion in Zn
(92 kJ/mol [21]) or grain boundary diffusion in Al (84 kJ/mol [21])
and, therefore, it is necessary to examine the reason for this dis-
crepancy.

It is noted that the frequency factors, D0, for the latter three
diffusion coefficients are similar and lie between ∼1.3 × 10−5 and
∼1.7 × 10−4 m2 s−1 [21]. Assuming a similar frequency factor for the
diffusion process in the HPT-processed Al–30 wt.% Zn alloy, and tak-
ing D = D0 · exp(− Q/RT) with Q = 65 kJ/mol at T = 300 K for flow at RT,
it follows that the diffusion coefficient may  be estimated as having
a value between ∼1.2 × 10−17 and ∼1.6 × 10−16 m2 s−1. It is impor-
tant to note that this value of D for the HPT-processed Al–30 wt.%
Zn alloy is about three orders of magnitude higher than the coef-
ficient (∼10−19 m2 s−1) for aluminum self-diffusion along the Al/Al
grain boundaries [21]. Nevertheless, the estimated value of D for
the HPT-processed Al–30 wt.% Zn alloy correlates reasonably with
the measured diffusivity (∼10−15 m2 s−1) for Zn along Al/Al grain
boundaries [22,23]. This suggests the occurrence of grain boundary
sliding whereby the super-ductility observed in the HPT-processed
Al–30 wt.% Zn alloy at room temperature is apparently controlled
mainly by Zn diffusion along the Al/Al grain boundaries.

It is important to note that the reason for this unusual behav-
ior can be attributed to the development of thin layers of a Zn-rich
grain boundary phase. In this model, the high ductility state cor-
responds to the UFG structure where a large fraction of the Al/Al
boundaries are wetted with thin Zn-rich layers formed during the
HPT process. The question of the wetting of the Al/Al grain bound-
aries by the layers of Zn phase was first addressed in earlier work
[24]. It was observed that solid Zn incompletely wets the Al/Al
grain boundaries between 200 and 270 ◦C. Thus, the contact angles
between Zn particles and Al/Al grain boundaries remain non-zero
even after long anneals. Later careful measurements of these con-
tact angles in Al–10 at.% Zn polycrystals between 190 and 258 ◦C
demonstrated that the maximum, mean and minimum contact
angle slowly decreased with decreasing temperature [25]. A linear
extrapolation to lower temperatures leads to the expectation that
all Al/Al grain boundaries below ∼125 ◦C should be fully wetted by
the Zn layers. It was also observed earlier that HPT of Al–Zn alloys
accelerates the phase transformations and produces phases which
are stable at the temperature of the HPT processing [26]. The HPT-
driven formation of the (thin or thick) Zn-rich wetting layers, which
are in equilibrium at room temperature, is the physical explanation
for the phenomena observed in this work. Further microstructural
investigations are now planned to check and to explain the origin
of these unusual Zn-rich layers. Concerning the mechanisms of the
flow processes in this HPT-processed Al–30 wt.% Zn alloy, a signif-
icant contribution of grain boundary sliding should be taken into

Fig. 2. The distribution of nanohardness obtained at maximum load of 0.5 mN with
two different loading rates on UFG Al–30 wt.% Zn alloy. The solid lines indicate the
Gauss fit of the spectra.

account. This contribution to the total deformation process was
measured earlier as 50–60% [9].

In order to evaluate the role of the grain boundaries, nanoinden-
tation measurements were made in different conditions, thereby
causing plastic deformation at different scales. A series of 400
nanoindentation measurements was made at a very low maximum
load of 0.5 mN,  so that the size of the indenter pattern was  about
equal to the average grain size of the UFG Al–30 wt.% Zn alloy. In
this case it is most probable that the measurements were carried
out on individual grains in both UFG Al and Al–30 wt.% Zn. Fig. 2
shows the distribution of the nanohardness obtained for different
loading rates on the UFG Al–30 wt.% Zn sample. It can be seen that
these nanohardness-spectra are almost the same, thereby indicat-
ing that the nanohardness of UFG Al–30 wt.% Zn is not sensitive to
the loading rate. This means that when only one grain is deformed
in UFG Al–30 wt.% Zn the strain rate sensitivity is very low so that
the deformation process or the nanohardness is not sensitive to the
strain rate.

Increasing the maximum load, a series of 400 nanoindenta-
tion measurements was made at a higher maximum load of 1 mN
so that the size of the indenter pattern was ∼1–1.5 �m,  which
is about 3–4 times the average grain size of the UFG Al–30 wt.%
Zn alloy so that the indenter pattern covers a group of ∼5–7
grains. The experimental results shown in Fig. 3a reveal that in
this case the distribution of the nanohardness obtained on the UFG
Al–30 wt.% Zn alloy becomes sensitive to the loading rate. Fitting
Gauss functions for the measured spectra and taking the peak value,

Fig. 3. The distribution of nanohardness obtained at maximum load of 1 mN with two different loading rates on (a) UFG Al–30 wt.% Zn alloy and (b) UFG pure Al. The solid
lines  indicate the Gauss fit of the spectra.
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Fig. 4. Plot of the vertical profiles across the centers of the Vickers patterns showing
the  qualitative difference in GBS of UFG pure Al and UFG Al–30 wt.% Zn and schemat-
ically demonstrating the correlation between GBS and the strain rate sensitivity.

similar to the results obtained by microindentation shown in Fig. 1a,
an unusually high strain rate sensitivity of m ≈ 0.25 was  estimated
also for the deformation process during nanoindentation. There-
fore, the results of nanoindentation show unambiguously that,
when a group of grains is plastically deformed in the UFG Al–30 wt.%
Zn alloy, the role of the grain boundaries should be taken into
account. The nanoindentation results presented in Fig. 3b confirm
the low strain rate sensitivity of UFG pure Al as the nanohardness
distribution of this material appears insensitive to the loading rate.
These results obtained by nanoindentation qualitatively support
the data determined by microindentation as shown in Fig. 1a.

It should be emphasized that, despite a significant difference
between the strain rate sensitivities of UFG Al and UFG Al–30 wt.%
Zn, there is no quantitative difference in the contribution of GBS
for these two materials. This contribution to the total deformation
process has been measured as 50–60% for both materials [7–9].
However, considering the shapes of the pile-ups around the Vickers
patterns during microindentation, there is a significant qualitative
difference in the flow process for these two materials. Fig. 4 plots
typical vertical profiles across the Vickers microhardness patterns
for the two metals. These plots reveal that the pile-ups in UFG pure
Al are short-range and appear sharp only in the immediate vicinity
of the Vickers pattern whereas in the UFG Al–30 wt.% Zn alloy the
pile-ups are long-range and spread over relatively long distances
from the Vickers pattern. This difference is due to the significantly
higher mobility of the grain boundaries in the Al–30 wt.% Zn alloy so
that the UFG material becomes super-ductile at room temperature.
Furthermore, this difference in the flow process correlates directly
with the values of the SRS of these two materials, as demonstrated
schematically in Fig. 4. Thus, in the UFG Al–30 wt.% Zn alloy the
relatively high SRS prevents the formation of high pile-ups around
the Vickers pattern and this is analogous to conventional tensile
testing where strain (or stress) fails to concentrate locally thereby
precluding the formation of any necking. Instead, the pile-ups in
the alloy spread over large areas and thereby they homogenize the
deformation and permit the super-ductility of this alloy. Physically,
the higher SRS of UFG Al–30 wt.% Zn hinders more effectively the
local deformation in the vicinity of the Vickers pattern where the
strain and the strain rate are the highest.

4. Summary and conclusions

1) The characteristics of room temperature plastic deformation
taking place in ultrafine-grained pure Al and Al–30 wt.% Zn alloy

were investigated and analyzed using depth-sensing indenta-
tion.

2) The results of micro- and nanoindentation measurements reveal
unusually high strain rate sensitivity in the Al–30 wt.% Zn
alloy and a significant role of the grain boundaries due to
grain boundary sliding in these UFG materials. The present
results demonstrate the importance of an enhancement in dif-
fusion along the grain boundaries which promotes flow by
GBS and leads to an increased ductility in the Al–30 wt.% Zn
alloy.

3) The results demonstrate the beneficial improvement in ductility
that follows from the enhanced role of the grain boundaries in
a UFG Al alloy after processing by severe plastic deformation.
Accordingly, the results suggest a new and alternative procedure
for developing ductility in UFG materials processed using SPD
procedures.
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