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Abstract Based on the concept of work-hardening for fcc
metals, the commercially pure aluminum AA1070 (soft
annealed) and the aluminum alloy AA6060 (peak-aged)
were investigated. Equal-channel angular pressing (ECAP)
was used to introduce very high strains and an ultrafine-
grained microstructure. Compression tests were performed
in a wide range of strain rates between 10™* and 10° 57!
subsequently. The results show that strain path and the
corresponding dislocation structure are important for the
post-ECAP yielding and the following hardening response.
Furthermore, the precipitates of the alloy clearly constrain
the interactions of dislocations in work-hardening stage
III—causing lower strain rate sensitivity and retarding the
process of grain refinement as well. If compared to the pure
aluminum, the precipitates avoid hardening in stage V
where an additional rate and temperature-dependent effect
contributes—supposedly caused by the interaction of
deformation-induced vacancies and dislocations.

Introduction

When dealing with the work- or strain-hardening behavior
of metals, the main intention is the description of the (true)
flow stress as a function of plastic strain, temperature, and
strain rate. Nowadays it is well established that the flow
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stress of polycrystalline face-centered cubic (fcc) metals is
determined (contrary to body-centered cubic materials with
a high Peierls stress) primarily by the number of disloca-
tions and their athermal and thermal activated interactions
[1]. The concept of dislocations, explaining the ductility of
metals, was introduced by Orowan, Polanyi, and Taylor
already in the early 1930s [2—4]. Based on the underlying
microstructural processes, three deformation stages were
introduced [5-8]. It is important to note that the contribu-
tion of an athermal and a (stacking fault and) temperature-
dependent portion (thermally activatable) to the flow stress
was already widely accepted. While these early investiga-
tions were performed mostly on pure single crystals in
order to measure the intrinsic behavior of metals, it was
shown later, that the features of work-hardening in (pure)
polycrystals are very similar to that found in single crystals
[9, 10].

Accordingly, the true stress—strain curves display a
subdivision into three parts, starting with a flat slope fol-
lowed by a very steep slope representing stages I and II,
respectively. The steep slope in stage II results from mul-
tiple slip causing a pronounced multiplication and storage
of dislocations in bundles or networks. These processes
were found to be independent of temperature and strain rate
[1]. In the following stage III the increase of flow stress is
reduced and becomes nonlinear. This behavior is attributed
to the temperature and strain-rate-dependent cross-slip of
screw dislocations bypassing the heads of piled up dislo-
cation groups. Moreover, the dislocations with opposite
sign are increasingly annihilating, which causes dynamic
recovery. As shown by Mughrabi [11] and Prinz et al. [12]
the evolving microstructure is characterized by dense
dislocation layers (cell walls) or sharp slip bands alternat-
ing with dislocation free zones oriented parallel to the
direction of slip. The characterization of the stage III
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work-hardening behavior can easily be performed by ten-
sile or compression tests, while the latter are applicable for
strains up to ~ 1.

Detailed information on the work-hardening behavior
and the corresponding microstructural processes at even
higher strains, as introduced by methods of severe plastic
deformation (SPD), are available since the early 1990s,
where two new stages were identified and added to the
existing. According to the investigations of Zehetbauer
et al. [13], Argon et al. [14], and Les et al. [15] stage IV
shows (analogous to stage II) a linear work-hardening due
to an additional increase of dislocation density. It is
assumed that screw dislocations are trapped inside of the
cell walls during intercellular slip [14]. This leads to a
decomposition of the dislocations in partials with screw
and edge character. This mechanism increases the misori-
entation of neighboring cells and forms grain boundaries,
whereby the cell or grain size remains unchanged. As the
storage has athermal character and the cross-slip, origi-
nating from stage III, proceeds, the thermally activatable
flow stress contribution remains constant. With the onset of
stage V, which is not generally accepted yet, the flow stress
approaches saturation. It is assumed that the density of
deformation-induced vacancies starts to increase by the
onset of stage V. This enables climbing of edge disloca-
tions and a further increase of grain boundary misorienta-
tions. Because the diffusion of these vacancies is
temperature and strain-rate dependent, the thermally acti-
vatable contribution of the flow stress increases (analogous
to stage III). Corresponding to the described work-hard-
ening behavior, Fig. la shows a schematic stress—strain
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Fig. 1 Schematic plots of the work-hardening behavior up to very
high strains, typical for polycrystalline fcc metals: a stress—strain
curve, b the corresponding work-hardening rate ® and strain rate
sensitivity m

curve typical for fcc metals up to saturation. In order to
separate the different stages the work-hardening rate (® =
dg/de) as well as the strain-rate sensitivity (SRS—m =
dlno/d1né) are typically plotted as a function of the stress,
Fig. 1b. It is important to note that the appearance and
magnitude of these stages depends on the temperature and
the material.

One of the most active and developing fields in mate-
rials science is the processing of bulk ultrafine-grained
(UFG) materials by methods of SPD [16]. Equal-channel
angular pressing (ECAP) [17] is the most developed SPD
processing technique today. In principle a billet is pressed
through a rigid tool constrained within an angled channel.
Thereby a simple shear strain is introduced into the mate-
rial. Since the cross-section of the billet remains practically
unchanged, the pressings can be repeated in order reach
extreme high cumulative strains. As shown by a review of
Wei [18] the SRS of SPD-processed UFG fcc metals is
significantly increased due to the abovementioned mecha-
nisms. These investigations were done basically on (tech-
nical) pure metals or alloys with coarse incoherent particles
which have a minor effect on mechanical properties. The
scope of the present investigation is to evaluate the effect
of fine coherent precipitates on the late (cold) work-hard-
ening stages IV and V. ECAP is used to process the peak-
aged aluminum alloy to different pre-strains before quasi-
static and dynamic compression tests are performed.
Technical pure aluminum is considered as reference.

Experimental

For the investigations two aluminum wrought materials of
commercial purity were used. The pure aluminum AA1070
(0.06 wt% Si—0.19 wt% Fe-bal. Al) was supplied in the
form of extruded cylindrical bars with a diameter of
25 mm. The material was machined into square-shaped
billets and tempered at 360 °C for 20 min to remove any
effect of cold working (soft annealed temper—O). The
AA6060 (0.43 wt% Si-0.52 wt% Mg-0.16 wt% Fe-bal.
Al) was supplied in the form of extruded square bars with
an edge length of 15 mm. To achieve maximum strength a
solid-solution heat treatment at 525 °C for 60 min was
conducted, followed by water quenching and aging at
170 °C for 10 h (peak-aged temper—T6). The two mate-
rials were multi-pass ECAP processed at room tempera-
ture (RT) in a tool with a channel cross-section of
15 x 15 mmz, an angle of 90° between the two intersect-
ing channels, resulting in an equivalent plastic strain of
1.15 per pass [19]. The friction conditions inside the
tooling are optimized by two sliding walls in the inlet
channel and a bottom slider in the outlet channel following
a concept proposed in [20]. The pressings were done with a
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Table 1 Investigated conditions

N PN Condition
AA1070

0 0 1070-0

2 2.3 1070-0, E2

8 9.2 1070-0, E8
AA6060

0 0 6060-T6

2 2.3 6060-T6, E2

8 9.2 6060-T6, E8

16 18.5 6060-T6, E16

N, number of ECAP passes; @y, resulting equivalent plastic strain
[19]

speed of 25 mm min~' following route E. This hybrid
route combines the classical routes C and B, and provides
an optimum of fully worked volume and rapid grain
refinement [21]. To ensure homogeneous plastic flow
without strain localization or cracks, and to avoid the for-
mation of a corner gap, a backpressure of 85 MPa
(19.1 kN) was applied via the bottom slider. The high
quality of the samples processed by this tool was shown in
[22] for RT-ECAP of an AA6082-T6. Table 1 shows the
conditions that were considered in the present study. They
were chosen because they represent different characteristic
stages of grain refinement [23] and thus a characteristic
work-hardening behavior is expected.

The characterization of the microstructure was done
parallel to the flow plane (Y). The CG materials were
investigated by optical microscopy. Therefore, the samples
were polished and etched for ~ 15 s in a solution of 100 ml
H,0, 6 ml HCI, 2 ml H3POy, and 12 ml HF at RT. The
microstructure of the ECAP processed conditions was
investigated by low-voltage scanning transmission electron
microscopy (STEM) in a NEON40 field emission micro-
scope from Zeiss. As shown in [24] STEM is an appro-
priate method to visualize the dislocation and grain
boundary structure of UFG aluminum alloys. Thin slices
where cut from the Y-plane of the billets, mechanically
ground to a thickness of ~80 pm and further electro-
chemically thinned using a Tenupol-5 twin-jet polisher
from Struers (with A7-electrolyte). Finally, the thickness of
the oxide layer was reduced by ion milling with an angle of
~5°at 3 kV in a PIPS from Gatan. The transmission was
performed with an acceleration voltage of 30 kV. Refer-
ence investigations were performed using the detector for
secondary electrons (SE). The average grain size d was
measured by the line interception method according DIN
EN ISO 643. The average aspect ratio s represents the
relation of the long to the short axis of the grains.

@ Springer

Cylinders with a diameter of 4.2 mm were extracted
along the pressing direction by wire electro-discharge
machining. The cylinders where surface-finished by
external cylindrical grinding to the final diameter of 4 mm
in order to remove the heat-affected zone. The compression
specimens were obtained by cutting the cylinders followed
by grinding the front faces in a special mold. With this
procedure a final specimen length of 4 mm with a smooth
surface and accurate rectangular shape was obtained. In the
early stages of plastic flow, the strain measurement was
done by strain gauges applied to the specimens. The given
yield stress (YS) corresponds to a plastic strain of 0.2%.
After loosing the signal from the strain gauges (at strains of
~0.1) the data captured by the displacement transducers of
the particular test equipment were used. For the evaluation
representative stress—strain curves from at least three rep-
licates were selected. As the quality of measurement as
well as the selection of an appropriate measuring technique
are challenging tasks for producing reliable material data,
different testing set-ups were used to investigate the
material behavior over a wide range of strain rates. Tests at
quasi-static (3 X 107* sfl) and elevated (1 x 10° sfl)
rates were performed in mechanical and servo-hydraulic
machines from Zwick-Roell and Instron, respectively. For
higher rates a drop tower (1.7 x 10> s™') and a split
Hopkinson pressure bar set-up (2.8 x 10* s™") were used.
The given (initial) strain rates represent the slope of the
linear parts of the strain—time records of the strain gauges
beyond the onset of plastic deformation. Further informa-
tion on the test equipment for higher rates as well as the
capturing and evaluation of the data is presented elsewhere
[25, 26]. All compression tests were performed at RT. The
front faces of the specimens were lubricated with high
performance MoS, grease to minimize friction.

Results
Mirostructure—AA1070

The microstructural analysis by classical optical micros-
copy of the CG 1070-O gives an average size of 390 pm. A
broad scatter in grain size ranging from smaller than 50 pm
(3%) up to larger than 500 pm (9%) is typical for pure
aluminum. The recrystallization produced an equiaxed
grain shape (s = 1.4). Optical microscopy is not suitable
for a proper characterization after ECAP processing.
Figure 2 shows a STEM dark field micrograph of the con-
dition 1070-0, E2. Asillustrated above, the grain refinement
is based on the multiplication and accumulation of dislo-
cations forming cells and cell walls in work-hardening
stage III. The clearly separated grains with sharp contrasts
verify that this stage has been already exceeded and
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30.00 kV —1 500 nm

2000K X WD=31mm

Fig. 2 STEM dark field micrograph of UFG 1070-O, E2 with
elongated grains and a low number of dislocations (small arrows)

hardening in stages IV and V proceeded. The straining to
@, = 2.3 produced elongated (s = 2.4) ultrafine grains
with an average size of 660 nm. It is important to note that
the grain interior shows a rather low dislocation density
(small arrows indicate the contrast of dislocations), sug-
gesting that their interactions with grain boundaries during
ECAP are significant. Below a certain cell or grain size this
process is favored over their storage in the interior for pure
metals, supporting the findings of Mughrabi [11] and Prinz
et al. [12]. From Fig. 3a, b, showing the identical spot in
STEM bright field- and SE-contrast, respectively, one can
extract qualitative information on the grain misorienta-
tions. Some of the boundaries that are clearly visible by
STEM, give no or only a very weak SE contrast (indicated
by filled arrows). This is typical for LAGBs, which cause
blurred transmission contrasts due to their high local
stresses and corresponding alternating change in grain
(cell) orientation [27-29]. Contrary to that HAGBs appear
more distinct and as they separate grains with higher
misorientations they are also detectable by SE or back
scatter electron contrast (hollow arrows). Due to the low
number of HAGBs, the condition AA1070-O, E2 is con-
sidered to represent an early stage of the grain refinement
process.

Figure 4 shows the microstructure after a strain of
@g = 9.2 showing also a very low number of dislocations
(small arrows). The average grain size remained constant at
660 nm during cold working beyond ¢, = 2.3, while the
aspect ratio was reduced slightly to 1.9. The sharp contrasts
indicate that the fraction of HAGB increased significantly,
if compared to AA1070-O, E2. Accordingly the condition
AA1070-O, E8 represents a fully refined microstructure
with a considerably high number of HAGBs. These find-
ings are in good agreement with the theory of grain
refinement by SPD [11-15, 30]. The microstructural

30.00 kV 20,00 KX WD=31mm — 500 nm
Fig. 3 Micrographs of UFG 1070-O, E2 a STEM-contrast—bright
field, b SE-contrast with LAGBs (large filled arrows) and HAGBs

(large hollow arrows)

F— 500 nm

30.00 kv 2000K X WD =29mm

Fig. 4 STEM bright field micrograph of UFG 1070-O, E8 with
slightly elongated grains and a low number of dislocations (small
arrows)

features of the investigated conditions of the pure alumi-
num are summarized in Table 2. After ECAP processing
no grains larger than 2 pm were detected.
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Table 2 Microstructural features of the investigated conditions of the
pure aluminum

1070-0 CG d = 390 um, equiaxed s = 1.4
Primary HAGBs
Very low dislocation density
UFG d = 660 nm, elongated s = 2.4
Many LAGBs with dislocations, few HAGBs
Low dislocation density in the grain interior
UFG d = 660 nm, slightly elongated s = 1.9
Many HAGBs, very few LAGBs

Low dislocation density in the grain interior

1070-0, E2

1070-0O, E8

Mirostructure—AA6060

The average grain size of the 6060-T6 CG condition is
120 um with a distribution ranging from smaller than
25 pm (9 %) to larger than 200 pm (15%) with a rather
equiaxed shape. A characterization of the microstructure by
optical microscopy also reveals the presence of (primary)
Fe-rich impurity phases with a size of 1-10 um. As shown
by the STEM micrograph in Fig. 5, smaller rod-shaped
impurities (secondary phases) with a length and diameter
of 250 and 75 nm, respectively, are also present. Such
impurities are typical for commercial aluminum materials.
They have only a minor effect on the mechanical proper-
ties. The coherent needle-shaped " zones produced by the
age hardening exert the strengthening effect. These parti-
cles have a diameter of ~4 nm and a length of ~30 nm
[31]. Their symmetrical orientation along the (100) Al
planes is indicated by the darker (noisy-like) orthogonal

30.00 kY 20000 KX WD=30mm —-=y_ 50 nm

“
LA

|

r

30.00 kv

— 100 nm

100,00 KX WD =3.0 mm

Fig. 5 STEM bright field micrographs of UFG 6060-T6—the detail
represents maximum magnification wherein the ovals/circles mark

needle-shaped " precipitates in length/crosswise orientation along
(100) Al
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stress contrasts (marked by ovals). In plane-oriented nee-
dles cause point-like contrasts (marked by circles).

For describing the microstructure after ECAP the
interaction of the precipitates and dislocations is important.
It was shown for a commercial 6082 that the 8’ zones
break-up due to the deformation and their length is short-
ened to about 4-8 nm while their diameter remained
unchanged [32]. This suggests that the precipitates are
fragmented by shearing into smaller pieces or might also
get totally dissolved as shown in [33]. Based on these
results it is assumed that the size of the 8 zones is reduced
with increasing ECAP strain. As the resolution and mag-
nification of the used STEM-technique is too low to
characterize the morphology of the particles, they will be
referred to as (sheared) precipitates further on.

Figure 6 shows a STEM micrograph of the condi-
tion 6060-T6, E2. It is easy to observe that the grain
refinement is essentially modified by the presence of the
precipitates when compared to the pure aluminum. The
straining to ¢, = 2.3 gives a bimodal grain size distribu-
tion consisting of ~80% UFG regions with an average
grain size of 510 nm embedded into a ribbon-shaped
matrix of ~20% dislocation cells with an average size of
1.8 um. This suggests that the macroscopically homoge-
nous straining spreads on the microstructural level into
areas with higher (ultrafine grains) and lower straining
(cells). As shown by Hughes et al. [30] this behavior is
typical for the beginning of grain refinement in early stage
IV. Attributed to the accumulating and pinning effect of the
precipitates, the general dislocation density is much higher
compared to the corresponding microstructure of AA1070,
E2. This is especially true for the grain interiors. As a

30.00 kV 2000KX WD=30mm ——— 500 nm

Fig. 6 STEM bright field micrograph of UFG 6060-T6, E2 showing
an elongated bimodal microstructure with ~80% UFG regions
embedded into a ribbon-shaped matrix of dislocation cells separated
by HAGBSs (large hollow arrows)
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30.00 kv 5000 KX WD=29mm — 200 nm

Fig. 7 STEM micrograph of UFG 6060-T6, E8 with homogenous
ultrafine slightly elongated grains in dark field contrast (small arrows
point to dislocations)

Table 3 Microstructural features of the investigated conditions of the
aluminum alloy

6060-T6 CG d = 120 pm, equiaxed s = 1.2
Primary HAGBs
Very low dislocation density
6060-T6, E2  Bimodal—~ 80% UFG and ~20% dislocation cells
UFG: d = 510 nm, elongated s = 2.4, many
LAGBs and few HAGBs
High dislocation density in the grain interior
Cells: d = 1.8 pm, ribbon-shaped s = 8.0, many
LAGBs and few HAGBs
High dislocation density in the cells
6060-T6, E8  UFG d = 310 nm, slightly elongated s = 2.0

Many HAGBs, few LAGBs
High dislocation density in the grain interior

consequence of this relative higher storage activity, the
increase of boundary misorientations is retarded and the
frequency of intergranular slip is much smaller. Thus, the
fraction of HAGBs (large hollow arrows) is much lower if
compared to the pure aluminum, which represents a com-
paratively earlier phase in the refinement process.

The pinning effect of the precipitates on dislocations
persists even after N = 8, producing also high dislocation
densities inside of the grains (small arrows), see Fig. 7. The
clear boundary contrasts indicate that primarily high grain
misorientations coexist. The measured average grain size is
310 nm with a slightly elongated shape (s = 2.0). No
grains larger than 1 pm were detected. For the condi-
tion 6060-T6, E16 no investigations on the microstructure
were performed. From results in the literature [34, 35] no
further significant grain refinement beyond ¢g = 9.2 (or
below ~300 nm) is expected. In contrast to that, boundary
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Fig. 8 Flow stress- and work-hardening behavior of 1070 from
quasi-static compression tests where the hardening stages are marked
for the conditions O and O, E8; R—rearrangement of the dislocation
structure, F—increasing contact friction

misorientations will increase further as long as dislocation
and vacancy activity proceeds. Table 3 summarizes the
microstructural features of the investigated conditions of
the aluminum alloy.

Work-hardening behavior—quasi-static loading

The true stress—strain curves as well as the derived work-
hardening behavior of the pure aluminum at quasi-static
loading are shown in Fig. 8. The plastic deformation of the
CG condition 1070-O begins slightly below a stress of
50 MPa in stage III with a work-hardening rate of
1,800 MPa. The instantaneous decrease of ® indicates that
the fraction of dislocation annihilations by (thermally
activatable) cross-slip increases. Stage IV sets in at a stress
of 90 MPa wherein ©® remains constant at 80 MPa. At a
stress of 125 MPa the lubrication film collapses, resulting
in an abnormal increase of ¢ and ® (F—influence of
abnormal contact friction). It is important to note that
contact friction is present in compression testing from the
beginning of plastic deformation. This effect is—depending
on the lubricant, tested material, and aspect ratio of the
specimens—negligible and almost constant for strains up
to ~0.4 to ~0.6 in the actual case [36]. Thus, the work-
hardening rate (indicated by the slope of the o—¢ curves) is
considered to be friction independent.

The UFG condition O, E2 exhibits a YS of 125 MPa. If
compared to the maximum stress of ~ 140 MPa reached by

@ Springer
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the CG condition O after a strain of only 0.8 this appears
contradictory. According to the abovementioned theory of
work-hardening the yielding of SPD-processed metals is
expected to continue in stages IV or V. This is doubtlessly
supported by the micrographs in Figs. 2, 3. However, the
strong and rapid hardening to a stress of 148 MPa indicates
the presence of stage III hardening and thus (athermal)
dislocation storage, respectively. The reason for the
apparent decrease of dislocation density can be found by
two approaches.

Zehetbauer et al. [37, 38] showed that the dislocation
density is pressure dependent, where higher pressures
generate higher densities. Because the in situ measured
flow stress in high-pressure torsion experiments was higher
at higher axial forces (pressures), they suggested that a
certain number of dislocations annihilate or rearrange
statically already during unloading after SPD deformation.
In order to verify this assumption for the ECAP processed
aluminum materials an interrupted compression test was
performed. A first compression loading was done beyond
stage III up to a strain of ~4% in order to reproduce a
stage IV dislocation structure similar to that during ECAP.
Subsequently the specimen was unloaded for ~5 min in
order to release the pressure, permitting annihilations, and
than reloaded again. The procedure was repeated at a strain
of ~8%. As the flow stresses resumed at identical stress
levels after reloading, significant static annihilation effects
are considered to be unlikely.

Another approach for explaining the behavior is the
consideration of the change in strain path from simple
shear during ECAP to compression. This was found, for
example, by Mingler et al. [39] and Yapici et al. [40]. They
showed for pure Cu that a change in strain path causes a
rearrangement of the ECAP microstructure wherein the
grains partially dissolve by rebuilding of new ones
according to the new strain path. This results in dislocation
storage on the newly activated slip systems that are
responsible for the stage III effect. From Fig. 8, it is also
shown that beyond the hardening in stage III work-soft-
ening occurs. This can also be explained by the rear-
rangement of the microstructure, since the local grain
boundary misorientations change simultaneously. Conse-
quently, pre-existing dislocations pass through formerly
unfavorably oriented barriers (cell walls or LAGBs) and
cause the decrease in stress. Beyond the microstructural
rearrangement (marked by R) the hardening proceeds. The
very low work-hardening rate of 10-20 MPa indicates that
the density of dislocations and vacancies is close to satu-
ration, which suggests the presence of stage V. The clari-
fication of this assumption follows in the next section by
the application of higher strain rates. In case of stage V
hardening particularly high SRS is expected. The UFG
condition O, E8 shows an analogous behavior, although the
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rearrangement of the microstructure as well as the sub-
sequent hardening occurs at slightly higher stresses.

If compared to the pure aluminum, the alloy shows a
qualitatively similar flow stress behavior, whereas the
presence of precipitates results in higher stresses, see
Fig. 9. The strength increase from T6, E8 to T6, E16
indicates that the capacity for hardening is not exhausted at
@g = 9.2. This is in accordance with the results of Richert
et al. [41], where the saturation on a cyclic extrusion- and
compression-strained AIMg5 was identified beyond a strain
of ~11. Because of the higher stresses the undesired
contact friction becomes noticeable already at a strain
of ~0.4.

The plastic deformation of the CG condition T6 begins
at a stress of 205 MPa and reaches the end of stage III at
~265 MPa. Compared to the 1070-O where the stress was
doubled in this stage, the relative strength increase of the
alloy is much lower. The following work-hardening rate of
80 MPa in stage IV is identical with that of the pure alu-
minum. This leads to the assumption that the characteristic
trapping of screw dislocations during intercellular slip is
not influenced by the precipitates. Due to the high dislo-
cation density and the corresponding short glide paths the
work-hardening rates for the UFG conditions of the alloy

400
350
300
250

! 6060
200 £=0.0003s"

True Stress (MPa)

02 03 04 05 06 07 08
True Strain
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8000 -

5000
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2000 { \

1000 AN

Work-hardening Rate (MPa)

200 250 300 350 400
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Fig. 9 Flow stress- and work-hardening behavior of 6060 from
quasi-static compression tests where the hardening stages are marked
for the conditions T6 and T6, E16; R—rearrangement of the
dislocation structure, F—increasing contact friction
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are >2,000 MPa. A pronounced rearrangement of the
microstructure is not clearly detectable—but indicated by a
temporary low ©® of ~30 MPa. This result shows that the
precipitates stabilize the initial UFG microstructure during
strain path changes by constraining dislocation interactions
and preventing from work-softening. Thus, strain local-
izations or necking during other forming operations is
expected to be more effectively retarded for alloys. During
the following straining the work-hardening rate is 40—
50 MPa for all UFG conditions. As this value is approxi-
mately double as high as the ®y of the UFG 1070, it is
temporarily ascribed to stage IV. Because the precipitates
retard effectively dislocation interactions it is assumed that
(athermal) stage IV hardening is effectively extended to
higher strains and thus the (thermally activatable) defor-
mation-induced vacancies might have a minor effect.

Work-hardening behavior—high strain rates

Figure 10 shows the influence of strain rate on the CG
and UFG conditions after ¢g = 9.2, wherein the o—¢
curves at quasi-static (3 x 107* s™") and at highest rates
(2.8 x 10* s7") are plotted. The stresses of the CG con-
ditions are almost strain rate insensitive at the beginning of
deformation. With increasing strain the stresses are
increasing for dynamic loading, since the thermally acti-
vatable recovery by cross-slip of screw dislocations is
suppressed. As shown by Meyer [42] and Kendall [43] the
temperature and strain rate are replaceable parameters
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Fig. 10 Flow stress of the investigated materials in the CG and UFG
conditions after ¢g = 9.2 at quasi-static and dynamic loading

regarding the thermal activated movement of dislocations.
This is a result of the decreasing probability (shortening of
the “waiting-time”) of dislocations to overcome the ener-
getic barrier by the help of thermal activation [1, 5]. Thus,
a test at RT with a high strain rate can result in the same
thermal activation (or flow stress) as a test at lower tem-
perature at quasi-static conditions. The onset of the fol-
lowing stage IV results in the same hardening response as
no further thermally activatable effects contribute.

High rate testing is connected to adiabatic effects as
soon as the plastic work converted into heat remains inside
of the sample. According to Zehnder et al. [44] a com-
pression test of aluminum with a 4 mm long specimen can
be considered as quasi-adiabatic when the strain rate is
higher than 150 s™'. This is true for the drop tower and
Hopkinson experiments where a strain of 0.8 is reached in
<5 and 0.3 ms, respectively. With a Taylor—Quinney-
factor of n = 0.9, this results in a temperature rise of
~40 K (e.g., for 1070-O, E8) following Eq. 1, wherein p
represents the density and ¢ represents the specific heat

£
AT =1 [ 6de (
p-c

€0

—
~—

As described above, this rise in temperature has no
influence on the stress—strain response of the CG 1070-O,
see Fig. 10. On the contrary, the stress slightly decreases
for the CG 6060-T6 at higher strains where the tempera-
ture rises after ¢ =0.8 for ~100 K. The changing
thermodynamic conditions are neglected for the following
considerations, because the temperature rise is below 50 K
up to strains of 0.35 (used in max. for evaluations) in
general and thus only minor influences are expected.

Due to the high number of dislocations the dynamic
loading of the UFG conditions results in an elevated stress
already at the beginning of plastic deformation. The stage
IIT hardening in combination with the rearrangement of the
microstructure causes an upper YS phenomenon for the
pure aluminum suggesting that the dynamic deformation
produces an excess of dislocations that annihilate during
the subsequent microstructural rearrangement. Beyond this
point the stress further increases continuously almost linear
if compared to quasi-static loading. This can be ascribed
most likely to the effect of the suppressed thermally acti-
vatable diffusion of vacancies proving the presence of
stage V for the pure aluminum. Beyond a strain of 0.8 the
increase of stress resulting from stage V is almost equiv-
alent to the portion generated in stage III. On the contrary,
the UFG alloy hardens exclusively in stages III and IV
without an additional stress contribution from stage V.
After reaching a maximum at & = 0.22 the prevailing
effect from the increasing temperature results in work-
softening.
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Fig. 11 Influence of SPD processing on the strain-rate sensitivity m
of different flow stresses

The influence of the SPD processing on the SRS of three
exemplarily chosen flow stresses (0.2, 1, and 20%) is
shown in Fig. 11. The given m values were calculated by
the least-square-fit method over the whole tested range of
strain rates. The SRS of the YS (g¢.092) is 0.004 for both
materials. The straining of the CG 1070-O to 0.01 and
0.223 by compression increases the SRS remarkably to
0.011 and 0.018, respectively. Contrary to that a com-
pression strain of 0.223 increases the SRS of the CG alloy
to 0.008, which is less than half the increase if compared to
the pure aluminum. The effect of SPD processing on the
SRS is highest for the YS of the pure aluminum while the
effect on the higher flow stresses declines. This is true in
particular for the condition strained to ¢, = 2.3, where the
pronounced rearrangement of the microstructure leads to
the same SRS. However, after ¢g = 9.2 the SRS reaches
0.02 for all flow stresses. This suggests that the sources
responsible for the production of thermally activatable
interactions are somehow exhausted and thus saturation is
reached. The 6060-T6 shows a qualitatively similar
behavior up to g = 9.2, whereas the SRS reaches about
half the values due to the retarding effect of the precipi-
tates. The condition 6060-T6, E16 shows a specific feature
since the stresses at the beginning of deformation (6 g2
and o) are more sensitive than the later stresses after
higher deformation (o ,3). This suggests that the extreme
SPD pre-straining to ¢4 = 18.5 caused an excess of dis-
locations that remain stabilized by precipitates. It is
assumed that they rapidly annihilate during the subsequent
compression along the new strain path. This effect might
cause the dynamic decrease of the SRS.

@ Springer

Discussion

Chinh et al. [45] showed for ECAP processed Cu and Al
that the evolution of the flow stresses o can accurately be
described by a modified Hollomon-type constitutive rela-
tionship, wherein ¢y and o; represent the YS and the
maximum stress increase by work-hardening, respectively,
see Eq. 2, wherein n and ¢, are constants.

oc=o09+o01- [1 — e<_wﬂ_>} (2)

In order to apply the so called CHL model to the
investigated materials the quasi-static o—¢ data were used,
whereas the SPD strain (@) was added to the compressive
strain (¢). Figure 12 shows that the model allows a good
description of the global flow stress behavior over a wide
range of strain. It is important to note that for the fitting at
higher strains the data at the end of the o—¢ data was
considered. The data influenced by surface friction was
excluded. Accordingly, ECAP processing increases the YS
of the AA1070-O by a factor of ~3.5, approaching a
saturation stress of ~ 170 MPa. Due to the lower purity
this value is ~50 MPa higher compared to the A199.99
used in [45]. In contrast, saturation stresses of 170-
180 MPa are reported by other authors [46—49] for similar
processed Al99.5 with a slightly higher impurity content
confirming the present results. The 6060-T6 reaches
saturation at a stress of ~380 MPa after ECAP
processing, being 1.9 times higher as the YS. Due to the
difficulties of RT multi-pass ECAP processing of peak-
aged aluminum alloys, much less results are available for
comparison. Most authors use over-aged conditions in
combination with elevated processing temperatures in
order to reach sufficiently high strains. However, Chang
et al. [50] processed a solution heat treated AA6005 to
@> = 2.3 and reported a maximum stress of 355 MPa. The
CHL model for AA6060-T6 gives a ~20 MPa lower stress
at that strain. Considering the higher Si-content (+0.2%)
and the expected in situ aging of the AA6005, this is
considered to give a sufficient correlation.
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s a, = 205 MPa
ﬂ‘g @, =175 MPa
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Fig. 12 Global flow stress behavior of the investigated materials over
a wide range of strain using the CHL model [45] (including strain
path changes)
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For the discussion of the dynamic flow stress behavior
the UFG conditions after ¢g = 9.2 with a homogeneous
microstructure and the CG conditions are considered. For
the following examination, the flow stress ¢ is decomposed
into an athermal contribution vy and two tempera-
ture and strain-rate-dependent contributions oy, and
om(v), generated in work-hardening stages III and V,
respectively, see Eq. 3.

0 = Oah(uLIv) + Oth(l)) T Oth(V) 3)

This can be done on a qualitative basis by a direct
comparison of the o—¢ curves at different strain rates.
Figure 13a shows this for three characteristic strains for the
pure aluminum. Accordingly, the temperature and strain-
rate-dependent contribution at the onset of plastic
deformation in stage II (Ill,) is very low (5 MPa),
showing that the quasi-static flow stress (athermally
dominated) prevails. At the end of stage III hardening
(III,) the athermal dominated stress is increased due to
dislocation storage. Similarly, the thermally activatable
portion is increased to 40 MPa due to pronounced cross-
slip activity. In stage IV (at ¢ = 0.61) the stress is
increasing further while the thermally activatable portion
remains constant at 40 MPa. This proves the athermal
character of the hardening in stage IV. Due to the change in
strain path the hardening of the 1070-E8 begins in stage III,
whereas oy is increased to 45 MPa during ECAP
processing. In the following rapid stage III hardening this
portion increases to 52 MPa. Further straining leads to the
development of an additional thermally activatable
contribution and thus indicates the presence of stage V.
After a compressive strain of 0.61 the temperature and
strain-rate-dependent contribution is 87 MPa (50% of the
quasi-static stress). Hence, the resulting contribution from
stage V is 35 MPa.

The same analysis was done for the investigated alloy,
see Fig. 13b. Here, the given thermally activatable contri-
bution of 20 MPa increases to 40 MPa in stage III. Due to
the more significant influence of adiabatic heating the
hardening in stage IV was considered only up to a strain of
0.22. Analogous to the pure aluminum, ECAP processing
increases oyqr). Here, the values of 60 MPa at the
beginning and 70 MPa at the end of stage III are reached,
respectively. This is only 20% of the quasi-static stress. In
contrast to the pure aluminum, this portion remains
unchanged in the following stage IV even after extreme
strains of ¢ = 18.5. Thus, the temperature and strain-
rate-dependent contribution of the flow stress of the alloy is
significantly lower and features of stage V hardening were
not verified.

These findings can be explained by the presence of the
sheared precipitates which supposedly have a twofold
effect. It is assumed that they constrain dislocation
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Fig. 13 Flow stress contributions for the CG and UFG conditions
(g = 9.2) by comparing the o—¢ data at quasi-static and at highest
rates of 3 x 107* and 2.8 x 10® s~', respectively, for a 1070-O and
b 6060-T6

interactions due to their pinning effect in stage III on the
one hand. On the other hand it is assumed that their rem-
nant stress fields effectively attract deformation-induced
vacations, avoiding dislocation climb and thus the onset of
stage V.

Summary and conclusions

The development of the microstructure and work-harden-
ing behavior up to very high strains was characterized for
two commercial aluminum wrought materials. In order to
investigate the influence of coherent precipitates pure
aluminum AA1070 (soft annealed) and the aluminum alloy
AA6060 (peak-aged) were considered. Besides the CG
conditions, the UFG conditions after ECAP processing to
@y =23, pg = 9.2, and @6 = 18.5 were chosen as they
represent different stages of grain refinement.

Room temperature ECAP processing to @, = 2.3 pro-
duces an UFG microstructure for both materials, whereas
the average initial grain size of >100 pm is reduced
effectively below 1 um. The grain boundaries have low
angle misorientations transforming into HAGBs during
further deformation. The average grain size of the pure
aluminum after pg = 9.2 is 660 nm and the grain interiors
have a low dislocation density. Due to the pinning effect of
the sheared precipitates the alloy shows a much higher
dislocation density and reaches an average grain size of
310 nm for the same ECAP strain.
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The flow stress behavior was measured by compression
tests over a wide range of strain rates from 3 x 10™* to
2.8 x 10°s™" in order to identify the work-hardening
stages and the corresponding microstructural interactions
on a qualitative basis. Both the CG and the UFG conditions
of the two investigated materials show stage III hardening
at the beginning of plastic deformation. Due to the
increasing (temperature and strain-rate dependent) cross-
slip activity, the SRS is increased significantly herein. The
UFG conditions, which passed this stage already during the
ECAP processing show also stage III hardening at the
beginning of plastic deformation. This unexpected effect
can be attributed to the change in strain path from simple
shear to compression, where the newly activated glide
systems presumably cause this effect. In this case stage III
is shortened. Beyond stage III the CG conditions harden in
stage IV wherein the stress increases on a very low rate due
to the storage and decomposition of dislocations in the
grain boundaries or cell walls. Because this effect has
athermal character, the SRS remains constant. The UFG
conditions of the alloy represent the same characteristic
with a slightly reduced work-hardening rate independent of
the pre-strain introduced by ECAP. The UFG conditions of
the pure aluminum are an exception since stage III is fol-
lowed by a rearrangement of the dislocation structure
causing work-softening. It is assumed that this also can be
attributed to the change in strain path. After that an addi-
tional temperature and strain-rate-dependent effect was
identified, suggesting the presence of stage V and sup-
porting the findings of [13—15]. Contrary, such a behavior
was not found for the alloy, which suggests that the
underlying mechanism of vacancy diffusion is influenced
by the presence of the precipitates. It is assumed that the
deformation-induced vacancies are absorbed in the (rem-
nant) stress fields of these (sheared) precipitates so that
(unlike the pure aluminum) they cannot attribute to tem-
perature and strain-rate-dependent climb.

The (quasi-static) saturation stresses of the UFG pure
aluminum and the alloy were identified to be 170 and
380 MPa, which is roughly 3.5- and 2-fold the YS of the
CG unstrained conditions, respectively.

The current study suggests that the flow stress behavior
of the investigated aluminum materials can be well
described by the classical theory of work-hardening of
polycrystalline fcc metals.

Acknowledgements The authors gratefully acknowledge the
Deutsche Forschungsgemeinschaft (DFG) for supporting this work
carried out within the framework of Sonderforschungsbereich 692—
Hochfeste aluminiumbasierte Leichtbauwerkstoffe fiir Sicherheitsba-
uteile. Further thank goes to I. Dogel for his help with the ECAP
processing and to A. Schulze for her support with the sample prep-
aration and investigation of the microstructure by STEM.

@ Springer

References

. Seeger A (1954) Philos Mag 45:771

. Orowan E (1934) Z Phys 89:634

. Polanyi M (1934) Z Phys 89:660

. Taylor GI (1934) Proc R Soc Lond A 145:362

. Seeger A (1958) In: Fliigge S (ed) Handbuch der Physik VII 2.

Springer, Berlin

. Friedel J (1955) Philos Mag 46:1169-1186

. Diehl J (1956) Z Metallkd 47:331

. Hirsch PB, Mitchell TE (1967) Can J Phys 45:663

. Knoell H, Macherauch E (1969) Z Metallkd 60:399

10. Mecking H, Kocks UF (1981) Acta Metall 29:1865

11. Mughrabi H (1983) Acta Metall 31:1367

12. Prinz FB, Argon AS (1984) Acta Metall 32:1021

13. Zehetbauer MJ, Seumer V (1993) Acta Metall Mater 41:577

14. Argon AS, Haasen P (1993) Acta Metall Mater 41:3289

15. Les P, Zehetbauer MJ, Rauch EF, Kopacz I (1999) Scr Mater
4:523

16. Valiev RZ, Estrin Y, Horita Z, Langdon TG, Zehetbauer MJ, Zhu
YT (2006) JOM 58:33

17. Segal VM, Reznikov AE, Drobyshevskiy AE, Kopylov VI (1981)
Russ Metall 1:99

18. Wei Q (2007) J Mater Sci 42:1709. doi:10.1007/s10853-006-
0700-9

19. Iwahashi Y, Wang JT, Horita Z, Nemoto M, Langdon TG (1996)
Scr Mater 35:143

20. Segal VM (2004) Mater Sci Eng A 386:269

21. Barber RE, Dudo T, Yasskin PB, Hartwig KT (2004) Scr Mater
51:373

22. Hockauf M, Meyer LW, Nickel D, Alisch G, Lampke T, Wielage
B, Kriiger L (2008) J Mater Sci 43:7409. doi:10.1007/s10853-
008-2724-9s

23. Hockauf M, Meyer LW, Halle T, Kuprin C, Hietschold M,
Schulze S, Kriiger L (2006) Int J Mater Res 97:1392

24. Qian T, Marx M, Schiiler K, Hockauf M, Vehoff H (2010) Acta
Mater 58:2112

25. Meyer LW, Kriiger L (2000) In: Kuhn HM (ed) Mechanical
testing and evaluation, vol 8. ASM International, Materials Park

26. Gray GT III (2000) In: Kuhn HM (ed) Mechanical testing and
evaluation, vol 8. ASM International, Materials Park

27. Wang N, Wang Z, Aust KT, Erb U (1997) Acta Mater 45:1655

28. Dalla Torre F, Van Swygenhoven H, Victoria M (2002) Acta
Mater 50:3957

29. Koneva NA (2006) In: Altan BS (ed) Severe plastic deformation:
toward bulk production of nanocrystalline materials. Nova Sci-
ence Publisher, New York

30. Hughes DA, Hansen N (1997) Acta Mater 45:3871

31. Matsuda K, Gamada H, Fujii K, Uetani Y, Sato T, Kamio A,
Ikeno S (1998) Metall Mater Trans A 29:1161

32. Roven HJ, Liu M, Werenskiold JC (2008) Mater Sci Eng A 483—
484:54

33. Gutierrez-Urrutia I, Mufioz-Morris MA, Morris DG (2005) Mater
Sci Eng A 394:399

34. Pippan R, Wetscher F, Hafok M, Vorhauer A, Sabirov I (2006)
Adv Eng Mater 8:1046

35. Kopylov VI, Chuvil’deev VN (2006) In: Altan BS (ed) Severe
plastic deformation: toward bulk production of nanocrystalline
materials. Nova Science Publisher, New York

36. Herzig N, Meyer LW, Halle T, Raschke S (2007) In: Vollertsen
F, Yuan S (eds) Proceedings of the second international confer-
ence on new forming technology (ICNFT), Bremen, Germany

37. Zehetbauer MJ (2002) In: Zhu YT, Mishra RS, Semiatin SL,

Saran MJ, Lowe TC (eds) TMS annual meeting, Seattle, WA

I O R S

e BEN o)

o


http://dx.doi.org/10.1007/s10853-006-0700-9
http://dx.doi.org/10.1007/s10853-006-0700-9
http://dx.doi.org/10.1007/s10853-008-2724-9s
http://dx.doi.org/10.1007/s10853-008-2724-9s

J Mater Sci (2010) 45:4778-4789

4789

38.

39.

40.

41.

42.

Zehetbauer MJ, Kohout J (2002) In: Khan AS, Lopez-Pamies O
(eds) Ninth international symposium on plasticity and its current
applications. NEAT Press, MD

Mingler B, Karnthaler HP, Zehetbauer MJ, Valiev RZ (2001)
Mater Sci Eng A 319-321:242

Yapici GG, Beyerlein 1J, Karaman I, Tomé CN (2007) Acta
Mater 55:4603

Richert M, Stiiwe HP, Zehetbauer MJ, Richert J, Pippan R, Motz
C, Schafler E (2003) Mater Sci Eng A 355:180

Meyer LW (1984) In: Harding J (ed) Institute of physics con-
ference series. Institute of Physics, Oxford

43.
44.
45.

46.
47.
48.
49.

50.

Kendall DP (1972) Trans ASME D 94:207

Zehnder AT, Babinsky E, Palmer T (1998) Exp Mech 38:295
Chinh NQ, Horvath G, Horita Z, Langdon TG (2004) Acta Mater
52:3555

Hoppel HW, May J, Eisenlohr P, Goken M (2005) Mater Res Adv
Tech 96:566

Miyamoto H, Ota K, Mimaki T (2006) Scr Mater 54:1721
Wang M, Shan A (2008) J Alloys Compd 455:L10

Sun PL, Cerreta EK, Bingert JF, Gray GT III, Hundley MF
(2007) Mater Sci Eng A 464:343

Chang JY, Shan A (2003) Mater Sci Eng A 347:165

@ Springer



	Work-hardening stages of AA1070 and AA6060 after severe plastic deformation
	Abstract
	Introduction
	Experimental
	Results
	Mirostructure---AA1070
	Mirostructure---AA6060
	Work-hardening behavior---quasi-static loading
	Work-hardening behavior---high strain rates

	Discussion
	Summary and conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


