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Abstract 
 

Modelling of the mechanical response of the materials using computer simulation is very useful tool to optimize their 
mechanical properties. It is especially important for ultrafine-grained (UFG) materials obtained using severe plastic de-
formation (SPD) techniques. Those materials are characterized by high strength however their application on an industrial 
scale is limited, first of all because of poor ductility. Proper understanding of the deformation and strengthening mecha-
nisms that govern the mechanical response of UFG materials can be the way to propose the guidelines to improve their 
ductility. Application of the Finite Element Method (FEM) for calculations and modelling of the mechanical response of 
UFG materials needs properly built rheological models. In the case of heavily deformed microstructures that are mostly 
characterized by high inhomogeneity of microstructure and mechanical properties, existing flow stress models need to be 
modified and justified to the new conditions.  

The present study shows some modelling results of the mechanical behaviour of specimens subjected to severe plas-
tic deformation using MaxStrain system. Different grades of steels were examined and their mechanical response was 
simulated using modified Khan-Huang-Liang (KHL) flow stress model that was implemented into Abaqus Explicit code 
via user subroutine VUMAT. An effect of various deformation conditions was discussed with respect to the microstruc-
ture evolution and its influence on final mechanical properties. The methodology, using Considére criterion to assess the 
plastic instability in a tensile test, was also implemented into FEM code. The comparison of the measured and calculated 
results shows that presented approach can be successfully applied to the evaluation of the ductility  of various materials 
with different levels of microstructure refinement. 
 
Key words: ultrafine-grained materials, mechanical response, ductility, Considére criterion 

 
 
 

1. INTRODUCTION 

A proper description of the constitutive laws 
governing the mechanical behaviour of UFG materi-
als that is based on the actual physical phenomena 
occurring in these microstructures can significantly 
improve the accuracy of the computer modelling 
process. There are a number of well known constitu-
tive laws that describe mechanical response of the 
“typical” structures (with the mean grain size range 
down to 1 μm). However, the situation becomes 

much more complicated in the case of ultrafine-
grained and nanostructured materials. Such struc-
tures are mainly obtained by large cold deformation 
that is followed by annealing process. This process-
ing route produces dislocation structure with a sig-
nificant fraction of low angle boundaries (LABs), 
that finally transform into more stable high angle 
boundaries (HABs). It has been already proven that 
physical phenomena governing the deformation and 
strengthening mechanisms of UFG and nanostruc-
tured materials are different comparing to their 
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“typical” counterparts and still poorly understood [6, 
9,11]. Therefore, proper prediction of the mechani-
cal response of UFG materials using computer mod-
elling requires that new constitutive laws will be 
established or existing description will be modified.  

It is also well known that UFG materials are 
characterized by excellent mechanical strength [9, 
11]. However, their production on an industrial scale 
is still restrained by poor ductility, as necking usu-
ally occurs at low plastic strains [8,12]. Different 
ways to improve plastic properties in UFG and 
nanostructured materials have been already proposed 
such as: creating bimodal structures, increasing the 
work hardening or the strain rate sensitivity, provid-
ing the dispersion strengthening, etc [6,9-12]. One of  
the fundamental sources of loss of ductility is de-
creasing rate of work hardening. The loss of ductility 
corresponds to the plastic instability, which is ob-
served on a true stress-true strain curve in the tensile 
test as the end of uniform elongation. The plastic 
instability leads to the localized deformation and 
formation of a neck [8,12]. It should be also men-
tioned, that from the point of view of the continuum 
mechanics the usefulness of constructional materials 
is determined by mechanical properties, which mate-
rial represents under the most demanding conditions 
i.e. tensile stresses. 

In the present work, UFG microstructures were 
produced in two grades of low carbon steels using 
MaxStrain system [5]. Subsequently, their mechani-
cal responses were studied and data from experimen-
tal results were used to calibrate flow stress model 
that was subsequently implemented into FEM code. 
Flow stress model used in the preset study has been 
recently modified by the Authors in order to take 
into consideration the microstructural effects of 
heavily deformed UFG structures [7]. Simulations of 
the tensile tests were performed using Abaqus Ex-
plicit [1] and the results were compared with ex-
perimental data. 

The second aim of present work was to propose 
an approach of ductility assessment in studied UFG 
materials that can be easily implemented into FEM 
code. There is a possibility to determine the point 
where necking begins, providing that a true stress-
true strain curve is obtained directly from a tensile 
test. The point of necking corresponds to the point of 
tensile instability. The plastic deformation begins in 
a tensile test when the stress in the sample reaches 
the critical value. The plastic strain causes local 
reduction of a cross sectional area, thus the deforma-
tion of the material will be continued when stress 

increases. The necking begins with some value of 
the effective strain, which can be obtained from a 
true stress-true strain curve by finding the point, 
where the rate of work hardening equals to the stress 
or to the point on the curve of a subtangent of unity 
(figure 1). This method is known as Considére crite-
rion (necking criterion) and it is expressed by the 
following equation [2]: 

 σ
ε
σ
=

d
d

  (1) 

Proposed methodology due to its simplicity, can 
be easily implemented into computer modelling and, 
as a part of a designing chain, can be used to modify 
the manufacturing process towards improvement of 
final properties of UFG materials [8,10]. 

 
Fig. 1. Determination of the tensile instability point from a 
strain-stress curve. 

In the present work, the above mentioned ap-
proach has been also implemented into Abaqus Ex-
plicit code (via user subroutine-VUMAT) and util-
ized for the determination of the uniform elongation 
in the tensile tests simulations.  

2. EXPERIMENTAL PROCEDURES 

In order to test the presented approach of ductil-
ity assessment, two types of structures were devel-
oped: typical coarse-grained structure – with the 
mean grain size in the micrometer range, and ul-
trafine-grained structure, with the grain size below 
1 μm. To assess the correlation between mechanical 
response and microstructure evolution in structures, 
where the solid-solution and the precipitation 
strengthening play a significant role, two grades of 
steels were studied: high strength low alloy steel (Y) 
and, as a more ductile material, interstitial-free steel 
(IF). The basic chemical compositions of the inves-
tigated steels are summarized in table 1. 

 



 

 

T

d
w
to

F
w

M
d
te
at
ca
IF
m
fi
ti
b

3

st
fi
n
d
g
in
1
1
es
th
th
u
m

Table

Ste

IF

Y

 
T

duce
was 
o be

Fig. 
work

U
Max
defo
emp
t 5
ase
F s

mea
igu
ion
e fo

. 

R
tee
irm

nific
duct

atio
n b
0%
2%
stin
his 
he 

unif
mor

e 1.

eel 

F 

Y 

Th
ed 
es

e 1

2. 
k. 

Ult
xSt
orm
per

500
e w
stee
asur
ure 
. M

foun

RE

Re
ls 

med 
can
tilit
on 
oth

% af
% in
ng 
ca
ini

form
re p

 Ba

0

e t
in 

stim
5 µ

Dim

traf
rain

mati
ratu
ºC 

was 
el, 
red
2),

Mor
nd 

ESU

sul
are
th

nt i
ty c
sig

h de
fter
n ca
obs
se, 
itia
m e
pron

asic 

C

0.00

0.0

typi
ho

mate
µm 

men

fine
n s
ion
ure 

(fo
60
res

d in
, th
re d
in A

UL

lts 
e pr
hat 
incr
can
gnif
efo
r de
ase
serv
re

lly 
elo
nou

che

C 

022 

07 

ica
ot r
ed 
for

nsio

e-g
syst
n m

wa
for 
00nm
spe

n th
hat 
deta
Au

LTS

of 
res
the
rea
n b
fica

orm
efo
e of
vat
pre
m

nga
unc

emic

0

al c
roll
(us
r Y

ns 

grai
tem

meth
as 
12
m f
ecti
e te
we
ails

utho

S 

the
ent
e st
ase 
e e
ant

med 
orm
f Y
tion
esen

more
atio
ced 

cal 

Mn

0.11

1.36

coar
ling
sing

Y st

of 

ned
m, t
hod
app
00s
for
ivel
ens
ere 
s co
ors’

e te
ted
tro
in 

easi
tly 
ma

mati
Y U
n th
nts
e d
on 
tha

com

n 

1 

6 

rse
g p
g l
teel

tens

d s
tha
ds. 
plie
s). 
r Y 
ly. 
sile
cu
onc
’ re

ens
d in
ng 
st

ily 
dec
ate
on 
FG
hat 
 be

duc
aft

an 

mpos

0.

0

-gr
proc
ine
l, an

sile 

tru
at is

A 
ed 
Th
ste
M

e tes
ut p
cer
ecen

sile
n fi

gr
tren

ob
cre
rial
in 

G st
the

ette
tile
ter 
in t

sitio

Si 

009

.27 

rain
ces
ear 
nd 

sp

uctu
s o
tot
wi

he 
eel,

Mec
st u

para
rnin
nt w

e te
igur
rain
ngth
bser
ase
ls a
cas

teel
e h
er d
e IF

M
the
 

on o

9 

ned
ss. 
me
80

pecim

ures
one 
tal 
th 
me
, an
han
usin
alle
ng t
wo

est 
re 

n re
h. 
rve
ed w
and
se 
l. H
igh

duc
F s

Max
e hi

of in

T

0.0

0.0

d st
Th

ean
 µm

men

s w
of
str
sub

ean
nd 
nic
ng 
el to
this

ork 

for
2. 

efin
Als

ed. 
wit

d re
of 

Hen
h st
ctili
stee
Str
igh 

nves

Ti 

073

031

truc
he m
n in
m f

ns u

were
f th
rain
bse

n gr
abo
al 
fla
o th
s m
[5,

r b
It 

nem
so 
Th

th g
each
IF 

nce
tren
ity 
el, 
rain

str

stiga

 

 

ctur
me
nter
for 

used

e o
he s
n o
equ
rain
out
pro
t sp
he 

meth
7].

both
is 

men
the

he u
gra
hed
ste
, it 
ngth
tha
the

n d
reng

ated

N

-

0.0

res 
ean 
rcep
IF 

d in

obta
sev

of 2
uent
n s
t 10
ope
pec
rol
hod
 

h in
cle

nt c
e d
uni
ain 
d v
eel, 

is 
h s
an I
e d

defo
gth

d ste

Nb 

- 

067

w
gr

pt 
ste

n th

aine
vere
20 
t an
size
000
erti
cim
llin
dol

nve
earl
cau
dec
ifor
ref

valu
an
ve
tee
IF 

drop
orm
h Y

eels

0

were
rain
me

eel.

he p

ed 
e p
at 
nne
e in
0 nm
ies 

men
ng d
log

esti
ly 
uses
rea
rm 
fine
ue b
nd b
ry 

el (Y
ste
p i

mati
Y ste

s. 

B 

-

0.00

e pr
n s
etho

pres

usi
plas

roo
eali
n th
m 
we

s (s
dire
y c

igat
 co
s s
ase 
elo

eme
belo
belo
int
Y),
eel. 
in t
ion
eel

–

02 

ro-
ize
od)

 
sent

ing
stic
om
ing
his
for
ere
see
ec-
can

ted
on-
ig-
in

on-
ent
ow
ow
ter-
, in
In

the
n is
.  

– 8

-
e 
) 

t 

g 
c 

m 
g 
s 
r 
e 
e 
-
n 

d 
-
-
n 
-
t 

w 
w 
-
n 
n 
e 
s 

87 –– 

Fi
gr
def

 

Fi
ste

gr
no
de
st
su
m
50
an
sc
ca

ig. 
rain
efor

ig. 
eel 

T
rain
otic
efo
tron
ubs

micr
00°
ngl
catt
ase 

2.
ned 
rmat

3. T
(b),

TEM
ned
ced

orm
ng g
sequ
rost
°C)
e 
tere

of

Det
(a),

tion

TEM
 aft

M 
d m
d 

mati
gra
uen
truc
). T
bou

ed 
f IF

term
, an

n) (b

a

M m
ter M

mi
mate

th
on 

ain 
ntly
ctu
The
und
dif

F st

mina
nd 
b). 

a) 

micr
Max

icro
eria
at 
(to
sub

y w
ure 
e v
dar
ffra
tee

atio
ultr

rost
xStr

ostr
als 

a
otal
bdi
we
(w

volu
ries
acti
el, a

INF

on o
rafin

truc
rain

ruc
ar

app
l str
ivis
ere 

with
um
s m
on 
and

FORM

of th
ne-g

cture
 def

tur
re s
plic
rain
sion

tr
h th

me f
mea

(E
d 7

MAT

a

b

he 
grai

    
es o
form

res 
sho
cati
n =
n in
rans
he a
frac
asu

EBS
0%

TYKA

a) 

 
b) 

unif
ined

    
obse
mati

ob
own
on 

= 20
nto
sfo
aid 
ctio

ured
SD)

% in

A W 

iform
d m

erve
ion.

ser
n in

0) h
 ce

orm
of

on 
d u
) w
n th

TEC

m e
mate

ed i
 

rved
n f
of 
had

ells 
med 
f an

of 
usin

was 
he 

CHNO

elon
rial

in I

d f
figu

d en
an

in
nne
f gr
ng 
ab

cas

OLO

ngat
ls (a

b

IF s

for 
ure 
sev
nab

nd s
nto

ealin
rain

e
bou
se 

OGII M

tion
(afte

b) 

stee

the
3.

vere
bled
sub
o t
ng 
ns 
lec

ut 5
of 

MA

n in
er M

el (a

e ul
 It 
e 
d to

bgra
the
ap
wi

ctro
50%
Y 

ATERI

: c
Max

a), 

ltra
ca
p

o o
ains
 s

ppli
ith 

on 
% in

ste

RIAŁÓ

oar
xStra

and

afin
an 
las

obta
s th
stab
ied 

hi
ba
n t

eel.

ÓW 

rse-
ain 

 
d Y 

ne-
be 
tic 
ain 
hat 
ble 

at 
gh 

ack 
the 
 It 

Y

C
O

M
PU

TE
R

M
ET

H
O

D
S

IN
M

A
TE

RI
A

LS
SC

IE
N

C
E

C
O

M
PU

TE
R 

M
ET

H
O

D
S 

IN
 M

A
TE

RI
A

LS
 S

C
IE

N
C

E 



C
O

M
PU

TE
R 

M
ET

H
O

D
S 

IN
 M

A
TE

RI
A

LS
 S

C
IE

N
C

E 
INFORMATYKA W TECHNOLOGII MATERIAŁÓW 

 – 88 – 

can be stated that more stable high angle grain 
boundaries and higher level of precipitation 
strengthening have led to higher strength observed in 
this steel. However, we can also expect that the 
presence of precipitates and higher volume fraction 
of grains with high angle boundaries (70% vs. 50%) 
are the main sources of the increased ductility in Y 
steel i.e. its ability to keep the increasing of work 
hardening (Considére criterion).  

Strain-stress data from the experimental work 
were subsequently used to calibrate the model of the 
flow stress that will be introduced in the following 
chapter. 

4. MODELLING 

In order to simulate the real mechanical response 
of UFG materials there is a need to use a proper flow 
stress model that is able to reflect the 
phenomena occurring in such structures. 
In the present work, the Khan-Huang-
Liang (KHL) flow stress model [4] was 
used in the simulations of tensile test. 
This model has been recently modified in 
order to take into consideration contribu-
tion in strength from LABs and HABs separately 
[7]. The final form of the model is presented below: 

V
LABV fSkfbSGbMa ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+−+= θασ

2
)1(5.1

( )
m

rm

m
C

np
n

p TT
TT

D
B ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−
−

⎟
⎠
⎞

⎜
⎝
⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟

⎟
⎠

⎞
∗ε
εεε
&

&& 0

1

0

*

ln
ln11   (2) 

where: σ - flow stress; a - friction stress; M - Taylor 
factor; α=0.24; G - shear modulus; b - Burgers vec-
tor; Sv - the area of boundary per unit volume (Sv 
=2/DB) where DB is the distance between HABs 
measured along random lines; f - the density of 
HABs, θLAB - the average misorientation angle of 
LABs; εp - plastic strain; pD0 =106s-1, ∗ε& - reference 

strain rate; ε&  - the current strain rate; T, Tm, Tr, k, 
B*, n0, n1, C, m - constants. At this stage of the study, 
the temperature effect was not considered.  

Following the experimental mechanical testing, 
2D finite element models were created for analysis 
in Abaqus Explicit [1]. Shell elements (S4R) were 
used to mesh the models. Material behaviour was 
described using linear elasticity, with isotropic plas-
ticity. A von Mises yield surface was used. Material 
model together with modified KHL flow stress 

model, and Considére criterion were implemented 
using user subroutine (VUMAT). Calculated values 
of logarithmic strain, von Mises stress, and rate of 
work hardening were stored as state variables 
(SDV). 

In order to determine the set of material con-
stants, results from the experimental part were util-
ized and a combination of the simplex method 
(Nelder-Mead algorithm) as well as optimization 
procedure were used to minimize the error between 
predicted and actual data. The core procedures were 
commercial programs in MATLAB software. The 
set of equation coefficients obtained is summarized 
in table 2. The values of average misorientation an-
gle, average boundary spacing and HABs volume 
fraction were calculated on the basis of the EBSD 
analysis and are summarized in table 3.  

 
Table 3. The values of θLAB, DB and f for studied UFG specimens. 

 
θLAB , 
deg 

DB ‚ 
nm 

f 

IF 6.85 1000 0.55 

Y 7.15 600 0.716 

 
Since, the criterion of plastic instability does not 

take into consideration the fracture mechanisms, in 
the present work, the Johnson-Cook damage model 
was employed [3]. The Johnson-Cook constitutive 
model is one of the models used in the numerical 
simulations of processes with a high strain rate and a 
heavy plastic deformation and is expressed as: 

 [ ][ ][ ]*
5

*
4

*
321 1ln1exp TDDDDDf +++= εσε &   (3) 

where: fε  - equivalent strain to fracture; 
σ
σ

σ m=* - 

the dimensionless pressure-stress ratio; mσ   - the 
average of the three normal stresses; σ  - von Mises 

equivalent stress; 
0

*

ε
εε
&

&
& =  - dimensionless strain 

rate 1
0 0,1 −= sε&  - reference strain rate 

ROOMMELT

ROOM

TT
TT

T
−

−
=*  - homologous temperature 

Steel M α 
G, 

MPa 
b, 

nm 
a, 

MPa 
k, 

MPa/nm-0.5 
B* n1 n0 C 

IF 
2.75 0.24 81700 0.248

230 5458 2165 0.14 0.57 0.98 

Y 460 5950 2165 0.16 0.57 0.97 

Table 2. Material constants of modified KHL model (Eq.2) for investigated steels. 
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54321 ,,,, DDDDD  - material constants taken from 
[3]. Equation (3) takes into consideration the strain 
to fracture dependence of stress state, strain rate and 
temperature. The strain to fracture decreases as the 
mean stress, mσ , increases. However, at this stage 
of the work, fracture criteria and its parameters were 
not analysed and its usage was only limited to termi-
nate the simulation when fracture occurs. 
 

a) 

 
 

b) 

 
Fig. 4. Comparison of calculated and measured tensile curves 
for IF steel (a), and Y steel (b). 

Figure 4 summarizes the results of the strain-
stress curves calculation using the modified KHL 
model (equation (2)) compared with the experimen-
tal results. The good convergence of the model can 
be observed for both materials. In figure 5, values of 
the rate of work hardening vs. true strain calculated 
in Abaqus Explicit were plotted and compared with 
experimental data. As it was already mentioned, 
basing on a true stress-true strain curve and using 
criteria of plastic instability, there is an opportunity 
to determine, in unequivocal way, the field of the 
uniform elongation by Considére criterion. 

Uniform plastic deformation occurs as long as 
the true stress is below the value of work hardening 

rate ( σ
ε
σ
<

d
d

). When these quantities are equal, the 

a) 

  
 

b) 

 
 

Fig. 5. Comparison of calculated and measured uniform elonga-
tions after MaxStrain deformation; IF steel (a), and Y steel (b). 

εrC - calculated uniform elongation, εrM - measured. 

uniform deformation stops and necking begins. 
Comparing measured and calculated values of the 
uniform elongation it can be noticed that values 
calculated in Abaqus are slightly lower from those, 
calculated from the tensile tests. In VUMAT, neck-
ing criterion calculations are based on the maximum 
principal values of stress and strain, σ(1) and ε(1), 
respectively. However, the corresponding curves, 
calculated from the real tensile tests are based on 
equivalent stress and equivalent stress (note: the 
cross sections of the specimens were rectangular).  

Figure 6 shows the onset of necking in tensile 
test simulations for Y steel. Dark elements of the 
mesh represent the values of the rate of work hard-
ening (that are below actual values of stress). These 
elements are related to the places in the material 
where onset of necking has just occurred. As it can 
be visible in the subsequent time steps, these regions 
are moving into the middle part of the specimen and 
concentrating there, what reflects the strain localiza-
tion in the real tensile test.  
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a) 

 
b) 

 
Fig. 6. Fig. 6. An example of calculations showing onset of 
necking in subsequent simulation time steps (dark elements 

represent values of σ
ε
σ
<

d
d

) in Y steel: as received (a), and 

after MaxStrain deformation (b). 

5. CONCLUSIONS 

It the present study, modified form of the KHL 
flow stress model was used together with plastic 

instability criterion in the computer modelling proc-
ess of the mechanical response of UFG structures. 
Results of calculations show very good accuracy 
with data obtained from experiments. Therefore, it 
can be concluded that presented approach can be 
successfully used for the prediction of the mechani-
cal response of the materials subjected to deforma-
tion process by the means of SPD, with high micro-
structural and mechanical inhomogeneity, where 
dislocation and substructure strengthening is signifi-
cant. In the future work, our focus will be made on 
improvement and proper calibration of the Johnson-
Cook damage model. This will  give us a complex 
tool that will be able to model correctly both 
strength and ductility of UFG structures. Taking into 
account that ductility, strain rate and deformation 
mechanisms are strictly connected to each other,  
there is a possibility to improve the ductility in UFG 
materials by the proper use of their synergetic effect. 
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WŁASNOŚCI MECHANICZNE MATERIAŁÓW 
ULTRADROBNOZIARNISTYCH WYTWORZONYCH 
TECHNIKĄ SPD – MOŻLIWOŚCI MODELOWANIA 

Streszczenie 
 
Modelowanie własności mechanicznych materiałów z wy-

korzystaniem symulacji komputerowej stwarza bardzo dobre 
narzędzie do ich optymalizacji. Wydaje się to być szczególnie 
istotne dla materiałów o strukturach silnie rozdrobnionych 
uzyskanych na drodze silnej akumulacji odkształcenia plastycz-
nego (SPD). Materiały te charakteryzują się bardzo wysoką 
wytrzymałością. Ograniczeniem ich zastosowania w skali prze-
mysłowej są jednak ich niskie własności plastyczne. Zrozumie-
nie mechanizmów odkształcenia i umocnienia, działających 
w tych materiałach jest kluczowe dla poprawy ich własności  
 

plastycznych. Wykorzystanie w tym celu metody elementów 
skończonych wymaga poprawnie zdefiniowanego modelu re-
ologicznego. W przypadku struktur silnie rozdrobnionych cha-
rakteryzujących się głównie dużą niejednorodnością mikrostruk-
tury i własności mechanicznych, konieczne jest zaproponowanie 
nowych, bądź zmodyfikowanych modeli naprężenia uplastycz-
niającego. 

Przedstawione badania dotyczą modelowania własności me-
chanicznych materiałów poddanych silnemu odkształceniu 
plastycznemu z wykorzystaniem systemu MaxStrain. Analizie 
poddano różne gatunki stali, a do reprezentacji ich własności 
mechanicznych wykorzystano zmodyfikowany model napręże-
nia uplastyczniającego Khan-Huang-Liang (KHL). Model ten 
został zaimplementowany do programu Abaqus Explicit (za 
pomocą procedury użytkownika VUMAT). Poddano dyskusji 
wpływ różnych warunków odkształcania na rozwój mikrostruk-
tury oraz na końcowe własności mechaniczne materiału. Do 
oceny własności plastycznych w próbie rozciągania wykorzy-
stano model oparty o kryterium niestabilności plastycznej (Co-
nsidére). Porównanie wyników symulacji z wynikami z rzeczy-
wistej próby rozciągania dało dobrą zgodność, co wskazuje, iż 
zaprezentowane rozwiązania mogą być z powodzeniem wyko-
rzystane do oceny własności plastycznych materiałów ultrad-
robnoziarnistych wytworzonych techniką SPD. 
 
 

Submitted: October 22, 2008 
Submitted in a revised form: November 5, 2008 

Accepted: December 4, 2008 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /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 <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /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 <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /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.)
    /POL <>
  >>
  /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 [612.000 792.000]
>> setpagedevice


