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Abstract

Commercially pure aluminum was deformed via the extrusion process at different strain rates considering the temperature
rising during the deformation, i.e., with different Zener—Hollomon parameters (2), to investigate the effect of Z on its grain
structure and tensile properties in the micro/meso-scale. The results demonstrate that deformation-induced grain refinement
was obtained by increasing the values of the Z. Besides, the dislocation density of the aluminum specimens increased with
the strain rate which is in conformity with the Orowan equation. An apparent increment in yield and tensile strength was
observed in the deformed aluminum with increasing the value of Z parameter. This can be attributed to two strengthening
mechanisms, i.e., by combining the Hall-Petch relation (strain hardening due to the grain refining) and Taylor equation

(owing to dislocation—dislocation interactions).
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Introduction

Recently, miniaturization has played a significant role in
revolutionizing numerous fields of technology by advanc-
ing novel applications in electronics, biotechnology, health-
care, etc. The going trend toward miniaturization makes the
demand for microparts growing at an unprecedented rate.
As reported by technical analysts, the annual turnover for
the microparts industry alone is estimated to bring 27 billion
dollars milestones by 2022 [1]. Among the production tech-
nigques for microparts, micro-extrusion has the advantages
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of high production rate, repeatability, and effective material
utilization. In spite of its potential, the basic manufacturing
characteristics of the microforming process is still limited
because of the difficulties to scale down all parameters refer-
ring to the theory of similarity because of the size effects [2—
10].

Even though macro-extrusion is well established and has
been comprehensively studied. However, these concepts
cannot be directly applied to the micro/meso-scale. Thus,
wide-ranging testing and study of the material behavior in
the micro/meso-scale are extensively needed to attain fun-
damental knowledge as the length-scales converge. Both
the microstructure and the stress properties which affect the
material behavior are significantly related to the extrusion
conditions such as extrusion speed. S. Rahim also studied
the extrusion speed and temperature through the hot extru-
sion of AA 6061 alloy [11].

Gagliardi et al. reported that the ram velocity affects
the grain sizes and tensile properties of AA6060 alu- minum
alloy [12]. Zhao et al. studied the effect of defor- mation
speed on the microstructure and mechanical properties
during continuous extrusion for AA6063 and demonstrated
that there is an optimum extrusion wheel velocity to process
the components with good mechanical properties [13].
Junquan Yu et al. found that increasing
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billet heating temperature and extrusion speed by con-
ducting the Porthole die extrusion process triggered the
formation of new grains within the bonding interface as
well as enhanced the hardness, strength and ductility of
the extruded profiles [14]. C.Hinesley et al. investi- gated
the influence of temperature and ram speed on the flow
pattern during conducting axisymmetric extrusions of
2024 Al alloy [15]. WU Xiang et al. investigated the
influence of extrusion speed on Aluminum profile extru-
sion processes [16]. Trond Furu et al. also investigated the
effect of the extrusion speed on the texture of AA6082 alloy
[17]. Evidently, extrusion speed is one of the crucial
parameters that can affect the deformation behavior dur- ing
the extrusion process. However, the above-mentioned works
have been conducted to study the deformation char-
acteristics of Al alloys in macro-scale extrusion. Never-
theless, for micro/meso-extrusion, a systematic investiga-
tion of the microstructure and mechanical properties in
terms of extrusion speeds has not yet been thoroughly
studied.

To realize this goal, this study provides an in-depth
understanding of the effect of the extrusion speed on the
microstructure characteristics and tensile properties of
aluminum 1070 alloy at different extrusion speed in the
micro/meso-scale. Additionally, Zener—Hollomon param-
eter was used to investigate the effect of strain rate on
both the grain structure and the tensile properties of the
deformed Al specimens. Besides, the dislocation density
was investigated for the processed specimens at different
speeds.
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Experimental Study

In this study, aluminum 1070 alloy was received as hot-
rolled rods of 1.5 ¢ mm x 300 mm. The as-received speci-
mens were heat-treated at 350 °C and then cooled to room
temperature to get rid of any previous work-hardening
effects. The length of the starting materials for micro/meso-
scale extrusion (MMSE) is 6 mm. The specimens were
extruded from 1.5 to 1 mm using a micro-extrusion die at
four different speeds of 1, 5, 10, and 15 mm/min at room
temperature.
The micro-extrusion die used in this study consists of two
halves of die blocks with a circular cross section. The micro/
meso-extrusion die had a distinct design in which the two
halves of the die were cut horizontally and not as in conven-
tional extrusion dies where the two halves are cut vertically.
The two halves of die blocks were assembled in the con-
tainer and then by means of base plate attached together by
screws, thus avoiding assembling and disassembling of parts
in each extrusion process. One auxiliary sample of 6 mm in
length was used to assist the deformed sample in getting out
of the extrusion die, as shown in Fig. 1a. This design has the
advantage of eliminate the burrs that can easily be formed
if the die was cut vertically into two halves, and as a result
reducing the pressing force as well as accomplishing high
precision of the specimen shape after the extrusion process.
Hsu et al. [18] reported that the geometry of the die
and the punch can affect the shape and precision of the
produced specimens. The appearance of the actual experi-
mental equipment can be shown in Fig. 1b and c. The
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Fig. 1 (a) Schematic illustration of the extrusion die used in this study, (b) The typical implemented die and (c) the employed experimental

setup.



specimens are lubricated with high kinematic viscosity oil,
i.e., 430 mm?/s at 313 K to minimize the frictional effect.
The grain structure of the processed Aluminum 1070
after the MMSE process was characterized by electron
backscatter diffraction (EBSD) detector attached ona JEOL
JSM-7001F field emission scanning electron micro- scope
(SEM), with an operating voltage of 15 kV, a step size of
0.3 um and a scanning area of 150 x 150 um.

The specimens for all measurements were cut from the
rods parallel to the extrusion direction. The EBSD meas-
urements such as microstructure and texture evolution
were characterized by TSL-OIM Data Analysis software.

For EBSD analysis, the surface of each specimen was
ground on SiC abrasive paper and then mechanically pol-
ished with 0.04 um colloidal alumina. X-ray diffraction
analysis of the extruded aluminum rods was implemented
on a Philips X pert Pro diffractometer using Cu-Ka radia-
tion (A =0.15406 nm) at 45 kV and 200 mA settings. The
crystallite size and dislocation density were measured by
using the Williamson-Hall method [19, 20] according to
the following equation, proceeding from the calculation of
volume-weighted average domain size,D, and the micro-

strain, according to the following equation [21]:
. J
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where /3 is the full width at half maximum height (FWHM),
0Ois the Bragg’s angle of the peak, and L is the wavelength
of X-ray (0.15406 nm), and k is the shape factor (0.9). By

plotting the fJCOSO versus 4 sin 0, the values of D, and can
be determined from the slope and the ordinate intersection,
respectively. Based on the Rietveld method [22], the aver-
age dislocation density can be calculated using the relation

p= (pD ps)ZZ where pp, is the dislocation density due to the
domain, pp = 3/Dfl and p; is the dislocation density due to
strain within the microstructure, p; = E%b2, and b is the
Burger’s vector.

Finally, mechanical properties were investigated by uni-
axial tensile testing to study the effect of extrusion speed on
the as-processed aluminum 1070 alloy. A special micro/
meso-scale tensile machine was fabricated by the Makino
group in Nagoya Institute of Technology (NITech, Japan).
Because the specimens have very small diameters of 1
mm making them difficult to be machined, the dog-bone
shape for the specimens was produced by the adhesive
method in which the two aluminum tubes were inserted
at both sides of aluminum rod (the specimen) glued by
an adhesive (acrylic adhesive, AY-123) from Cemedine Co.
company, Japan. Details of the tensile machine and
preparing the samples can be found in our published works

conducted at ambient temperature and at a strain rate of
1.6x103s,

Results and Discussion
Microstructure of Al Alloys

The initial microstructure of the as-received aluminum 1070
is illustrated in our previous work [24] which displays coarse
grains with a random orientation relationship. Fig- ure 3a
depicts the IPF maps of specimens after extrusion process at
different speeds. It is observed that the grain size of
aluminum 1070 alloy depends on the extrusion speed. The
average grain sizes are 28.77, 27.94, 25.47, and 22.67 pm
corresponding to the extrusion speeds of 1, 5, 10, and 15
mm/min, respectively. Thus, the grain size is decreasing
with the increase of extrusion speed.

To describe the effect of extrusion speeds on the grain
structure of aluminum 1070, Zener—Hollomon (Z) parameter
is considered to be significant and effective in relating the
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where A is a constant, n is the power-law exponent, T is the
deformation temperature, Q is the related activation energy
(96.15 kJ mol™! for aluminum [27]), R is the gas constant. s
is the strain rate which can be determined by

[23]. The gauge length and diameter of the tested speci- men
are 2 mm and 1 mm as shown in Fig. 2. The test was
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Fig. 2 Preparation of bone-shape sample and a typical appearance of
the sample tensile test.
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Fig. 3 (a) IPF maps of aluminum 1070 extruded at different speeds, and (b) the corresponding inverse pole figures of the extruded alloy. ED is

the extrusion direction and RD radial direction.
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where V is the extrusion speed, ER is the extrusion ratio,

R
and Dg and Dg are the diameters of the billet and extrudate,
respectively. Here, the actual temperature (T,) was utilized

rather than the nominal deformation temperature (T) that can
be determined by the following:

Ta=T+ (5)
AT,

where AT is the strain-induced temperature rise which the
deformation is regarded as adiabatic, i.e., no heat transfer to
the surrounding. Although the temperature rise during
deformation is small, we considered it in our calculations

for more accurate estimations. The temperature rise during
deformation is given by [29]:

AT = OCJ. ot _ aé.a'g (6)
pC pC
where is the fraction of energy stored as heat, p is the

density of the specimen, C is the mass heat capacity and g,
is defined as the average value of over the strain interval

Oto .
The strain rate and the values of In Z under the extrusion

conditions implemented in this study are listed in Table 1.
As provided in Table 1, the calculated values of In Z are
36.124, 37.64, 38.27, and 38.63 for the extrusion speeds
of 1, 5, 10, and 15 mm/min, respectively. It is obvious here
that In Z becomes higher as the extrusion speeds increase,

Table 1 Extrusion and tensile

. . Extrusion speed, Extrusion properties Grain size Tensile properties

properties of the aluminum e

1070 alloy extruded at different AT, K £,s! Inz d, um YS, MPa UTS, MPa El, %

speeds. -
1 6.535 0.077 36.124 28.77 155.6 185.3 21

6.7 0.384 37.64 27.94 166.5 197.2 195

10 7.144 0.768 38.27 25.47 173.3 209.5 185
15 7.509 1.15 38.63 22.67 180 21738 17




in another word, as the strain rate increases. As stated in Eq.
2, that the average grain size (d) is a function of In Z, which
can be reformulated in the form: Ind = A—n-In Z.

From the information listed in Table 1, it can be said that

the Z parameter affects the microstructure of the deformed
aluminum 1070 alloy as the structure becomes relatively
finer with higher values of In Z that can be realized from the
mechanism of grain refinement induced by plastic strain
during the micro/meso-extrusion. In the deformation pro-
cessing of aluminum 1070 at low strain rate (quasi-static)
and at room temperature or above, i.e., low values of Z
parameter, the refinement of grain structure is dominated by
dislocations activities in the interior of grains which includ-
ing forming of dislocation cells, dense walls, cell-blocks,
geometry necessary boundaries (GNB, boundaries formed
by statistical trapping of dislocations) and incidental dislo-
cation boundaries (IDB, boundary between the neighboring
cell-blocks) [30-32]. These dislocation cells gradually turn
into subgrains with low angle grain boundaries (LAGBs, 2°
< 0 < 15°), within the interior of grains [24, 32-34] divided
by boundaries of small misorientations. With increasing the
strain, the subgrains rotate into high angle grain boundaries
(HAGBs) with misorientation angle of 8 > 15° and subse-
quently, new finer grains are generated within the parent
grains. This can be clarified by the decrease in the texture
intensity with increasing the strain rate, see Fig. 3b.

For that sense, it is interesting here to assess the dislo-
cation density and the misorientation of all boundaries in the
structure obtained from the EBSD analysis at different strain
rates, as can see in Fig. 4. It is seen that the fraction of
HAGB:S is triggered by increasing the strain rate. Addition-
ally, with increasing the strain rate, i.e., higher Z parameters,
the dislocation density increases from about 1.95 x 104 m-2
(strain rate, 0.077 s7') to 2.55 x 10 m-2 (strain rate, 1.15
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Fig. 4 HAGBs and the dislocation density for Al specimens

s™!). The dislocation density (p) and the strain rate are
related by the Orowan equation as follows [35, 36].

e = bps, ()

deformed with different strain rates.
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The increase of dislocation density with increasing strain
rate is in a line with the results presented in [36—38]. In this
study, it is obvious that the degree of strain rate increment
was higher than that of the dislocation density as shown in
Table 1, that can be interpreted by the dislocation activ- ity
in terms of activation volume that, in turns, depends on the
temperature, time, and strain rate [39]. The activation
volume for deformation of materials exhibiting bcc struc-
tures is in the range of (5-100 b?), whereas the activation
volume for fcc materials was about 10 to 100 times higher
[40, 41]. Besides, the activation volume of the bcc mate-
rials is independent of the strain, whereas that for the fcc
materials such as Al decreased as the strain increased [36,
41]. Moreover, the activation volume at different strain rates
can be explained by the combined operation of the Peierls
mechanism and dislocation drag mechanism. At strain rates
less than 10% s7!, the contribution of the dislocation drag
process was small. Thus, the dislocation activity in this study
was ascribed to the Peierls mechanism.

Mechanical Properties

The tensile stress—strain curves at room temperature of the
aluminum 1070 alloys extruded at different speeds are pre-
sented in Fig. 5a. The yield strength (YS) and the ultimate
tensile strength (UTS) increase with increasing the extru-
sion speed, but the elongation (EI1%) is slightly decreased.
The extruded specimens show very small uniform elon-
gation (about 1-2%, peak in the curves) which is similar
behavior to the Al specimens deformed by other approaches
[42-44]. This behavior is attributed to an insufficient ability
of the materials to strain harden during deformation, result-
ing in commencing of early necking [38]. As summarized
in Table 1, an increasing tensile strength corresponds to
higher values of In Z. This behavior can be mainly ascribed
to the grain refinement accompanied by dislocation density
which increases with an increase of In Z. Higher strain rate
achieved refining grain structure which, in turn, triggered
numerous grain boundaries. These boundaries are acting
as a barrier for slipping during the extrusion process and
as a result the strength increases. Moreover, the dislocation
density (p) increases with higher strain rates as in Fig. 4
that activates the interaction between dislocations, and as a
result, the strength increases. The yield strength (c:,) can be
related to these two strengthening mechanisms by combin-
ing the Hall-Petch relation (strain hardening due to the grain
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Fig. 5 (a) Engineering stress—strain curves of the speeds, and (b) The calculated and experimentally measured yield strength aluminum speci-

mens as a function of In Z.

refining) and Taylor equation (owing to dislocation—disloca-
tion interactions) as follows [45, 46]:

\/ -7
B, = o+ aMGb P + Kg™7, ®)

where (Jo is the stress constant due to the lattice friction ( 20
MPa), o is a characteristic of dislocation—dislocation interac-
tion strength (taken as 0.5), M is the Taylor factor (taken as
3.06 for Al [47]), G is the shear modulus (27 GPa), b is the
burgers vector (0.286 nm for Al [45]),K, is the Hall-Petch
coefficient (0.04 MPa m*?) for Al [45]), and d the grain size.
The yield strength values of the extruded aluminum 1070
specimens with different Z values can then be calculated in
terms of Eq. 8. The experimentally measured and calculated
values of the yield strength are presented in Fig. 5b as a
function of In Z. The calculated yield strength is shown to
agree reasonably with the measured values for the speci-
mens with different In Z. This is in a line with the result
of Li et al. [38], where, the yield strength of the deformed
Cu increases with increasing the value of In Z. Thus, it is
concluded that the deformed Al specimens with higher Z
values are strengthened by the two mechanisms, i.e., the
grain refinement and dislocation strengthening.

Conclusions

In this study, different strain rates were implemented via
micro/meso-scale extrusion and the effect of the strain rate
on the grain structure and tensile properties of aluminum
1070 alloy were studied. The following conclusions can be
briefly summarized as follows:

1. The grain structure of the aluminum 1070 was refined

increasing strain rate. The average grain sizes are 28.77,
27.94,25.47, and 22.67 pm corresponding to the extru-

sion speeds of 0.077, 0.384, 0.768, and 1.15 mm/min,
respectively.

with a higher fraction of high angle grain boundaries by



Z.

T e distocation density of the aturmimum 1070 attoy
increased with the strain rate as quantified by the
Orowan equation. The dislocation density increases
from about 1.95 x 10%** m-2 (strain rate, 0.077 s%) to
2.55 x 10 m-2 (strain rate, 1.15s7%).

With increasing the value of In Z, the yield and ultimate
strength of the extruded Al increase due to the grain
refinement along with the dislocation—dislocation inter-
actions.
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