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Abstract Processing by severe plastic deformation (SPD)
typically increases the strength of metals and alloys dras-
tically by decreasing their grain size into the submicrom-
eter or nanometer range but the ductility of such materials
remains typically low. This report describes the first
demonstration that it is possible to increase the room
temperature ductility of aluminum-based alloys processed
by SPD and to attain elongations to failure of >150% while
retaining the enhanced strength. This unique combination
of properties is due to the occurrence of grain boundary
sliding at room temperature. The sliding was obviously
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achieved by introducing a grain boundary wetting of the
aluminum/aluminum grain boundaries.

Introduction

It is now well established that processing by severe plastic
deformation (SPD) promotes grain refinement and forma-
tion of the ultrafine-grained (UFG) materials with mean
grain sizes in the submicrometer or nanometer range [1, 2].
Several recent investigations demonstrate also that the UFG
metals and alloys generally exhibit increased strength but
low ductility at room temperature [3, 4]. The low ductility at
ambient temperature restricts the use of these materials for
structural applications. That is why the enhancement of the
ductility of UFG materials is quite a topical problem and
several different strategies have been developed recently to
improve the materials’ poor ductility, including the intro-
duction of a grain size distribution [5], the preexisting
nanoscale twins [6, 7], dispersions of nanoparticles and
nanoprecipitates [8, 9], transformation- and twinning-
induced plasticities [10, 11] and some others. These
approaches are based on the increase of strain hardening
through dislocation storage capacity during deformation. At
the same time, the enhancement of the ductility of UFG
materials may be achieved also at the expense of enhanced
strain-rate hardening, when diffusion-controlled grain
boundary (GB) sliding becomes active [12]. For example, it
is applied at elevated temperatures where UFG materials
exhibit superplastic behavior at higher strain rates [13, 14].
In this work, we for the first time demonstrate the possi-
bilities of enhancement of strain-rate hardening and duc-
tility in the UFG Al alloy at room temperature by
stimulating GB sliding due to maintaining a high GB dif-
fusion flux and the appearance of a GB wetting phase.
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Experimental

The test material was an aluminum-based alloy containing
30 wt% Zn prepared from high purity components
(99.9995% Al and 99.999% Zn) by vacuum induction
melting. As-cast disks of the alloy were prepared by
grinding and chemical etching and they were then
homogenized at 500 °C for 5 h and processed by high-
pressure torsion (HPT) at room temperature under an
imposed pressure of 6.0 GPa using a special HPT die [15,
16], which enables to process samples of diameters of
20 mm and thicknesses of ~0.8 mm. The straining was
continued through a total of five turns at a rotation speed
of 1 rpm. After HPT of the homogenized samples, the
central part of each disk, having a diameter of ~5 mm,
was excluded from any further investigation. Samples for
structural investigations were cut from the HPT disks at a
distance of 5 mm from the sample center where this dis-
tance corresponds to a shear strain of ~6. Transmission
electron microscopy (TEM) was used with a JEOL-
2000EX microscope at an accelerating voltage of 120 kV.
X-ray phase analysis was performed using a Pan Analyt-
ical X’Pert (Philips) diffractometer in Bragg-Brentano
geometry with Cu Ko radiation and a position-sensitive
detector (Philips X’Cellerator). The Profit (Philips) soft-
ware was used for X-ray peak profiles fitting and esti-
mation of the lattice parameter, microstrain value and
coherently scattering region size. The average dislocation
density was derived using the well-known X-ray diffrac-
tion procedure [17]. Mechanical tensile testing was con-
ducted at room temperature at strain rates from 10~ to
1072 57", Samples for mechanical tests were spark-cut
excluding the central part (~5 mm in diameter) of the
HPT-processed disks in order to avoid the microstructural
inhomogeneities. The testing conditions of temperature,
strain rate, and load were controlled by computer software
to within an error of 2-3%. The yield strength, g5, ulti-
mate strength, o, and ductility or relative elongation to
failure, 0, were determined from the results of tests con-
ducted on at least three samples having gauge dimensions
of 4.0 x 1.0 x 0.4 mm”.

Following either annealing or annealing together with
processing by HPT, specimens were prepared for exami-
nation using a microindenter. Each sample was electro-
polished at room temperature using a solution of 33%
HNO; and 67% CH3;OH. Micro-indentations were made at
room temperature with a Vickers diamond microindenter
using a depth-sensing ultra-microhardness testing machine
(Shimadzu DUH 202) operating under a force, F, that
increased linearly with time, ¢, using an imposed loading
rate, v;, between 0.7 and 70 mN sTU It may be estimated
from an earlier analysis [18] that the loading rate in this
region corresponds to an equivalent strain rate between
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5x 107" and 5 x 1072s™" around the edge of the
indenter at the end of the indentation process.

After indentation, the changes in the surface topogra-
phies were examined around the indentations using an
atomic force microscope (Solver P47H) operating in the
semi-contact (frequency-modulation) mode with conduc-
tive silicon cantilevers having a resonant eigenfrequency of
120-190 kHz. In order to optimize the subsequent obser-
vations using AFM, it was necessary to consider both the
average grain size of the ultrafine-grained sample
(~0.4 pum) and the area available in the microscope for
high-resolution images (~20 x 20 pm?). It is apparent
that optimum results will be achieved if the indentation
pattern and the surrounding area are both contained within
the area of observation for the AFM. Repetitive indenta-
tions with different loads revealed an optimum condition
for the HPT sample where the maximum load used in the
indenter was 35 mN to give a depth of about 1 pm and a
Vickers pattern extending over an area of ~6 x 6 um?.
For the annealed sample, where the material was signifi-
cantly harder because of the presence of a solid solution,
the optimum load was 50 mN to give an indentation having
a reasonably similar size as in the HPT sample.

Results and discussions

After homogenization annealing, the solid solution micro-
structure had equiaxed grains with a mean size of ~65 pm.
After SPD processing by HPT, the Al-based solid solution
dissociated and X-ray diffraction (XRD) spectra contained
only the peaks of pure Al and Zn. A similar dissociation of
a supersaturated solid solution after HPT was previously
reported in as-cast Al-Zn alloys [19]. The microstructure
after HPT contained equiaxed ultrafine Al grains having a
size of ~380 nm as shown in Fig. la. Smaller Zn grains
having sizes between ~50 and ~ 150 nm were located at
the triple junctions of the aluminum grains as shown in
Fig. 1b. Furthermore, minor amounts of Zn, with sizes
of ~5-15 nm, were also present within the aluminum
grains. The XRD peaks of Al revealed low microstrain
contributions in the peak broadening with microstrain
levels of ~0.010 & 0.002%. Using XRD, the average
dislocation density was estimated as ~10'> m™> where
this value correlates well with conventional data from
transmission electron microscopy (TEM) showing the
aluminum grains are almost free of lattice dislocations. The
evolution of microstructure correlates with the variation
in the microhardness. Thus, the microhardness was
~ 1670 MPa in the homogenized and quenched state and
decreased to ~490 MPa after HPT. These measurements
show that processing by HPT gives a significant softening
of the samples due to decomposition in HPT of the Zn-rich

@ Springer



4720

Author's personal copy

J Mater Sci (2010) 45:4718-4724

e

Fig. 1 a Microstructure of the Al-30 wt% Zn alloy formed in the billet processed by HPT and b Zn phase precipitates at triple junctions and

within the Al grains

Al-based solid solution. A similar softening in HPT was
reported earlier for as-cast Al-Zn alloys [20].
Experimental results obtained by tensile testing show
both the flow stress, o, and the maximum elongation to
failure, J, depend strongly on the imposed strain rate, &, as
demonstrated in Fig. 2a. After HPT, the ultrafine-grained
Al alloy exhibits unusually high ductility at room temper-
ature with a maximum elongation of ~160% when testing
at & ~ 107*s7'. The dependence of the maximum flow
Stress, Omax, ON strain rate is shown in Fig. 2b where the
values of the strain rate sensitivity, m, are also given. It can
be seen that the strain rate sensitivity for strain rates
between ~ 1077 and ~10™* s~ is high and of the order of
m =~ 0.24-0.29. Such high values of m are close to those
anticipated for a process such as the viscous glide of dis-
locations where m = (.33 but usually this is found only in
conditions of high temperature creep at temperatures above
~0.5 T,,, where Ty, is the absolute melting temperature.
Applying depth-sensing indentations at different loading
rates after HPT, the enhanced strain rate sensitivity,
m = 0.22, for the Al-30 wt% Zn sample was also mea-
sured, while for similar samples not processed by HPT the
strain rate sensitivity was very low and of the order of
~0.04. It should be noted that in general the strain rate
sensitivity of ultrafine-grained Al [21] and other fcc metals
such as Cu and Ni [22] is very low and lies between 0.01
and 0.03. The ¢ and m values obtained in this investigation
after HPT reveal the development of a super-ductility at
room temperature. Such behavior was not previously
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Fig. 2 a Effect of strain rate on the true stress—strain curves and b the
variation of flow stress with strain rate and the values of the strain rate
sensitivity, m, for the Al-30 wt% Zn alloy processed by HPT

reported in any Al-based alloys at this low temperature. It
should also be emphasized that the microstructure of the
HPT-processed Al-30 wt% Zn samples remains stable
during deformation. No grain growth was observed during
the indentation taking place for different dwell times from
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15 up to 1500 s. This microstructural stability is an
important advantage of the investigated ultrafine-grained
alloy against some nanocrystalline metals, which have
instable microstructure leading to fast grain growth and
also softening during relatively short dwell times of the
indenter [23, 24].

Figure 3 shows typical atomic force microscopy (AFM)
images of the surfaces of samples after indentation with a
Vickers microindenter for (a) the annealed or recovered
condition and (b) after processing by HPT: the scales on
the right denote the vertical levels on the images. Quali-
tatively, both indentations are of a similar size with lateral
edges of ~6 pum but the morphologies of the surrounding
surfaces are different. For the recovered condition in
Fig. 3a, where the size of the Vickers pattern is much
smaller than the average grain size of ~70 pm, the surface
surrounding the indentation is relatively smooth, whereas
after HPT in Fig. 3b the surrounding area shows small
grains having sizes of ~400 nm. It will be shown through
detailed measurements that this apparent rumpling corre-
sponds to the displacements of individual ultrafine grains
within the crystalline matrix.

Quantitative measurements were undertaken on both of
these samples by recording the surface height profiles from
points located on the edges of the indentations, following
the two separate sampling paths labeled “Recovered” in
Fig. 3a and “HPT-deformed” in Fig. 3b. The height pro-
files were determined along each path using implemented
software and the results recorded in the form of plots of the
vertical profile against the position from the edge of the
Vickers pattern. Representative measured profiles, desig-
nated h,, are shown in Fig. 4 and they were fitted using a
9-order polynomial to give the global profile [25, 26],
designated h,, which are shown by the smooth curves in
Fig. 4. Considering the global characteristics of the
deformation processes, these scans demonstrate that, for
both conditions, the values of i, decrease with increasing
distance from the indentation because of the enhanced
deformation occurring at the peripheries of the indentations
for all ductile metals [27].

In order to study the nature of the deformation pro-
cesses, it is necessary to consider the local vertical devia-
tions from the global behavior which are defined
quantitatively at any position by the value of the term
(hm — hg). These values are plotted in Fig. 5a, b for the
same sampling paths and, for easy comparison, all data are
plotted using the same scale. For the recovered sample in
Fig. 5a, the perturbations in the vertical scale, with maxi-
mum heights of ~5-7 nm, correspond to the general
roughness of the polished surface. By contrast, for the
HPT-deformed sample in Fig. 5b the perturbations display
larger oscillations and there are local maxima or minima
occurring at relatively regular intervals of the order
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Fig. 3 Indentations produced on the polished surfaces of Al-30 wt%
Zn in a the recovered condition and b after HPT processing: the scales
on the right denote the vertical levels and the surface height profiles
were recorded along the labeled paths

of ~0.5 um which correlate with the measured grain size
of ~0.4-0.5 um. The larger displacements recorded in
Fig. 5b have heights up to a maximum of ~40 nm and,
since they occur at discrete intervals of ~0.5 pm, they
must correspond to the relative movements of adjacent
grains in the vicinity of the indentation. These repetitive
oscillations provide direct evidence for the occurrence of
extensive grain boundary sliding during dynamic indenta-
tion of the ultrafine-grained Al-Zn sample.

Typical profiles across the Vickers microhardness pat-
terns are shown in Fig. 6 for samples in both conditions.
There is a significant difference in the shapes of the piled-
up material for these two samples. While the material
formed in the case of the recovered sample is only short-
term in nature and is sharply defined only in the immediate
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Fig. 4 Plots of the vertical profiles against the position from the
edge of the Vickers pattern for a the recovered condition and b the
HPT-deformed state

vicinity of the Vickers pattern, the material associated with
the HPT-deformed sample is relatively long-term and
spreads out over several micrometers from the indentation.
This behavior is a direct consequence of the relatively high
strain rate sensitivity in this sample.

Due to the vertical movement of the ultrafine grains in
the HPT sample, the areas of piled-up material observed
around the Vickers indentations in this sample, labeled
Aypr tere and Agpr rign in Fig. 6, are larger than those in the
recovered sample designated Agejere and Age righ. Consid-
ering the formation of these distorted materials, it follows
that the effective contribution of grain boundary sliding to
the total strain in the ultrafine-grained sample may be
represented by the ratio

Appr — A
R(%) =2 R 5 100
HPT

B (AHPT,left +AHPT,right) - (ARe,left +ARe,right) % 100

(AHPT.lefz + AHPT,right)
(1)

Measurements were taken along two mutually
orthogonal directions at five selected Vickers patterns in
both the recovered and the HPT-deformed samples thereby
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Fig. 6 Plot of the vertical profiles across the centers of the Vickers
patters for samples in the recovered and HPT-deformed conditions:
AResteft and Areorights PIUS Appr tefe and Agpr righe, Tepresent the areas of
the pile-ups observed on the two opposite sides of the Vickers
patterns for the recovered and HPT-deformed samples, respectively

giving a total of 10 separate measurements of Aypr and
ARge. From these measurements, Eq. 1 was used to estimate
the area values as Appr ~ 1.95-2.35 me and Agr. ~
0.95-1.15 umz. Taking these estimates for Agpr and Age,
the value of R changes between 40 and 60%. These
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calculations suggest, therefore, that grain boundary sliding
makes a significant contribution to the accommodating
strain in the ultrafine-grained sample especially when it is
noted that measured sliding contributions of ~60%
typically represent situations where all of the strain is
produced by the sliding process [28].

The high value of the strain rate sensitivity and the
estimated significant role of grain boundary sliding are
mutually consistent and they both provide an explanation
for the super-ductility observed in the Al-Zn alloy at
ambient temperature. The reason for this unusual behavior
can be attributed to the development of thin layers of a
Zn-rich grain boundary phase, which leads readily to the
occurrence of enhanced sliding. In this model, the high
ductility state corresponds to the ultrafine-grained structure
where large fractions of the Al/Al boundaries are wetted
with thin Zn layers. This structure may be a consequence of
a grain boundary wetting phase transformation in which the
transformation proceeds at a temperature 7ygg, wWhere the
grain boundary energy, ygp, becomes higher than the
energies 2yg; for the two solid/liquid interfaces or 2ygg for
the two solid/solid interfaces [29-32].

From the bulk Al-Zn phase diagram, it is deduced that
the Al-Zn system belongs to the classical system with a
critical point for a binary solution [33]. In practice,
boundary wetting by both the solid and liquid phases is
feasible in the Al-Zn system due to the relatively low
energy of the Al/Zn interfaces [34, 35]. Recent experiments
measured the mean contact angle in polycrystalline Al-Zn
between the Al/Al boundaries and boundary particles of the
Zn phase after long anneals below the monotectoid tem-
perature of T,o, = 277 °C [36]. These measurements
show the contact angle decreases with decreasing temper-
ature and a condition of full wetting by a Zn-layer is ful-
filled at room temperature for all Al/Al boundaries. This
means that all of the Al/Al boundaries are wetted by a layer
of Zn at room temperature and this layer may be relatively
thin depending on the Zn content and the time for equili-
bration. Moreover, during SPD processing and the forma-
tion of ultrafine grains, the vacancy concentration and
the diffusion coefficient increase by ~4-5 times and the
boundary energy increases by ~70-80% due to the
appearance of an excess defect density [37, 38], which also
contributes to the formation of this thin boundary layer of
Zn. This hypothesis of forming lubricating Zn boundary
layers in this alloy is supported by the estimation of the
sliding contribution to the total ductility. Since the Zn wets
the Al grain boundaries during grain refinement by SPD
processing, it can be supposed that the Zn layer provides
lubrication and thereby facilitates easier GB sliding and a
consequent enhancement in ductility. The origin and role
of the Zn layers will be checked experimentally in our on
going studies.
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Summary

This research suggests the potential for achieving high
strength and high ductility in ultrafine-grained alloys using
a GB wetting transition at room temperature. In principle,
the high strength is ensured by the ultrafine grains of
component A with a high melting temperature and the high
ductility is ensured by the thin equilibrium wetting layers
of component B having a lower melting temperature and
lying along the A/A interfaces.

Acknowledgements We thank Mr. Peter Szommer for assistance
with the AFM measurements. This work was supported by the
Russian Foundation for Basic Research under Grants No. 08-08-97044
and 09-08-92656 and Federal Agency for Science and Innovations
(RZV, MYuM, ARK), the Russian Foundation for Basic Research
under Grants No. 09-03-92481, 09-03-00784 and 08-08-91302) (BBS),
the Hungarian Scientific Research Fund, OTKA, under Grant No.
K67692 and K81360 (NQC) and the National Science Foundation of
the United States under Grant No. DMR-0855009 (TGL).

References

1. Valiev RZ, Islamgaliev RK, Alexandrov IV (2000) Prog Mater
Sci 45:103
2. Valiev RZ, Estrin Y, Horita Z, Langdon TG, Zehetbauer MJ, Zhu
YT (2006) JOM 58(4):33
3. Zhu YT, Liao X (2004) Nat Mater 3:351
4. Koch CC, Morris DG, Lu K, Inoue A (1999) MRS Bull 24:54
5. Wang Y, Chen M, Zhou F, Ma E (2002) Nature 419:912
6. Zhao YH, Bingert JF, Liao XZ, Cui BZ, Han K, Sergueeva A,
Mukherjee AK, Valiev RZ, Langdon TG, Zhu YT (2006) Adv
Mater 18:2949
7. Zhao YH, Zhu YT, Liao XZ, Horita Z, Langdon TG (2006) Appl
Phys Lett 89:121906
8. Zhao YH, Liao XZ, Cheng S, Ma E, Zhu YT (2006) Adv Mater
18:2280
9. Horita Z, Ohashi K, Fujita T, Kaneko K, Langdon TG (2005) Adv
Mater 17:1599
10. Tao KX, Choo H, Li HQ, Clausen B, Jin JE, Lee YK (2007) Appl
Phys Lett 90:101911
11. Valiev R, Gunderov D, Prokofiev E, Pushin V, Zhu Y (2008)
Mater Trans 49(1):97
12. Valiev R (2004) Nat Mater 3:511
13. Valiev RZ, Salimonenko DA, Tsenev NK, Berbon PB, Langdon
TG (1997) Scripta Mater 37:1945
14. Langdon TG (2009) J Mater Sci 44:5998. doi:10.1007/s10853-
009-3780-5
15. Murashkin MYu, Kilmametov AR, Valiev RZ (2008) Phys Met
Metallogr 106(1):90
16. Zhilyaev AP, Langdon TG (2008) Prog Mater Sci 53:893
17. Klug HP, Alexander LE (1974) X-ray diffraction procedures for
polycrystalline and amorphous materials. Wiley, New York
18. Chinh NQ, Gubicza J, Kovacs Zs, Lendvai J (2004) J Mater Res
19:31
19. Straumal BB, Baretzky B, Mazilkin AA, Phillipp F, Kogtenkova
OA, Volkov MN, Valiev RZ (2004) Acta Mater 52:4469
20. Mazilkin AA, Straumal BB, Rabkin E, Baretzky B, Enders S,
Protasova SG, Kogtenkova OA, Valiev RZ (2006) Acta Mater
54:3933
21. Chinh NQ, Voros Gy, Szommer P, Horita Z, Langdon TG (2006)
Mater Sci Forum 503-504:1001

@ Springer


http://dx.doi.org/10.1007/s10853-009-3780-5
http://dx.doi.org/10.1007/s10853-009-3780-5

4724

22.
23.

24.

25.
26.

217.
28.
29.
30.

31.

Meyer MA, Mishra A, Benson DJ (2006) JOM 58(4):41

Zhang K, Weertman JR, Eastman JA (2005) Appl Phys Lett
87:061921

Zhang K, Weertman JR, Eastman JA (2004) Appl Phys Lett
85:5197

Man J, Obrtlik K, Polak J (2003) Mater Sci Eng A 351:123
Man J, Petrenec M, Obrtlik K, Polak J (2004) Acta Mater
52:5551

Choi Y, Lee HS, Kwon D (2004) J Mater Res 19:3307
Langdon TG (1994) Mater Sci Eng A174:225

Straumal BB, Kogtenkova O, Zigba P (2008) Acta Mater 56:925
Straumal BB (2003) Grain boundary phase transitions. Nauka
publishers, Moscow

Straumal BB, Mazilkin AA, Kogtenkova OA, Protasova SG,
Baretzky B (2007) Philos Mag Lett 87:423

@ Springer

Author's personal copy
32.
33.
34.

35.
36.

37.

38.

J Mater Sci (2010) 45:4718-4724

Straumal BB, Gornakova AS, Kogtenkova OA, Protasova SG,
Sursaeva VG, Baretzky B (2008) Phys Rev B 78:054202
Massalski TB (ed) (1990) Binary alloy phase diagrams, 2nd edn.
ASM International, Materials Park, OH, p 238

Straumal B, Valiev R, Kogtenkova O, Zieba P, Czeppe T,
Bielanska E, Faryna M (2008) Acta Mater 56:6123

Gao YJ, Han YJ (2003) Mater Sci Forum 475-479:3131
Straumal BB, Kogtenkova OA, Protasova SG, Nekrasov AN,
Baretzky B (2010) JETP Lett 92, in press

Kilmametov AR, Vaughan G, Yavari AR, LeMoulec A, Botta
W1, Valiev RZ (2009) Mater Sci Eng A 503:10

Valiev RZ, Kozlov EV, Ivanov YuF, Lian J, Nazarov AA,
Baudelet B (1994) Acta Metall Mater 42:2467



	Unusual super-ductility at room temperature  in an ultrafine-grained aluminum alloy
	Abstract
	Introduction
	Experimental
	Results and discussions
	Summary
	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


