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Abstract

The main object is to define the stress and deformation fields in a vicinity of
a crack in an elasto-plastic power law hardening material under plane strain
tensile loading. Hydrogen-enhanced localized plasticity (HELP) is recognized as
an acceptable mechanism of hydrogen embrittlement and hydrogen-induced
failure in materials. A possible way by which the HELP mechanism can bring
about macroscopic material failure is through hydrogen-induced cracking. The
distributions of the hydrostatic stress and plastic strain are simulated around the
blunting hydrogen induced crack tip. The model of Sofronis and McMeeking is
used in order to investigate the crack plasticity state. The approach is valid as
long as small scale yielding conditions hold. Finite element analyses are
employed to solve the boundary value problems of large strain elasto-plasticity
in the vicinity of a blunting crack tip under mode I (tensile) plane-strain opening
and small scale yielding conditions. Three different FEM softwares; MSC.Marc,
ADVENTURE-Solid and ZeBuLoN are used for structural analysis and results
are verified by the previous works. The aim is to compare the results of different
rate equilibrium equations in the case of large deformation and large strain

clasto-plastic analysis.
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1. Introduction

Hydrogen embrittlement is a common type of failure. In presence of hydrogen, materials fail at
a lower load levels in comparison to hydrogen-free materials. Hydrogen-enhanced localized
plasticity (HELP) is an acceptable mechanism of hydrogen embrittlement and hydrogen-induced
cracking in materials V. According to the HELP theory, the presence of hydrogen in a solid solution
increases the dislocation motion, thereby increasing the amount of plastic deformation that occurs
in a localized region adjacent to the fracture zone 2.

A possible way by which the HELP mechanism can bring about macroscopic material failure is
through hydrogen-induced cracking. The fracture and fatigue behavior of a cracked plate under
external load depends upon the stress and strain in the vicinity of the crack tip. Crack tip
phenomena in hydrogen-induced cracking e.g. hydrogen concentration is often based upon the
known details of the crack tip elasto-plastic state. When a body containing a crack is subject to a
monotonically increasing load of the tensile opening mode, intense straining blunts the crack tip
until some mechanism of crack extension either gradually or abruptly takes over . McMeeking
and Rice ¥ presented a finite element formulation for problems of large elasto-plastic flow.
According to their formulation, Sofronis and McMeeking > proposed a finite element model to
show the effect of hydrostatic stress and trapping phenomenon on hydrogen distribution in
plastically deformed steels. Based on their model Krom et al. ® suggested a formulation to provide
the correct balance of hydrogen into the considered material. Kanayama et al. ” used a different
finite element scheme from Krom et al. ©® and applied the Galerkin method in a 3D simulation in
order to reconstruct the Sofronis and McMeeking’s model >. Taha and Sofronis *
progress in analyzing the material mechanical behavior at a crack tip or a rounded notch with that
of hydrogen diffusion. Kotake et al. ® performed an unsteady hydrogen diffusion-elastoplastic

reviewed the

coupling analysis near a blunting crack tip. According to their research, the hydrogen concentration
near the crack tip depends greatly on the loading frequency.

The intent of this work is to solve a numerical formulation for crack tip analysis of the general
plane strain problems. The hydrogen effects on the elasto-plastic behavior are not taken into
consideration. The considered subject is the stress and deformation fields in a cracked elasto-plastic
power law hardening material. Modeling has been done in three numerical softwares;
ADVENTURE-Solid, MSC.Marc and ZeBulLoN, then the results are verified by the previous
works. The aim is to validate the results of ADVENTURE-Solid software which was used by the
authors in reference (7) and comparing the results of different rate equilibrium equations in the case
of large deformation and large strain elasto-plastic analysis.

2. Formulation

The numerical formulation is an incremental plasticity finite element modeling specialized to
crack analysis. The formulation has a general applicability and is used to solve the small scale
yielding problems. The applied formulation in an elasto-plastic isotropic hardening material
satisfies the von-Mises yield criterion.

' ' 2 _
30‘ijal~j/2—0'y =0> (1)
o represents the deviatoric stress tensor (which is calculated by the formulation explained in the

y

next section) and the flow stress is & - A power law hardening rule is used; that is, the flow stress



Finite Element Analysis of the Stress and Deformation Fields around the Blunting Crack Tip 153

is considered to be a function of the equivalent plastic strain & P
N
c o)
Oy | % 3G p, )
%0 % %0

where %) is the initial yield stress, G is shear modulus and N is the work hardening exponent.

Here &7 is defined in terms of the plastic strain tensor 85 as
_ ]
gr = (255.’ 55/3% 3)

2.1 Rate equilibrium equations

To find the solution of the rate equations in the total Lagrangian approach, the initial
distribution of stress, the initial configuration of the body and the initial values of material
properties are supposed to have already been determined. The aim is to calculate the internal
velocity field when the rates of change of the surface loads, body forces and geometrical
constraints are prescribed.

To solve the proposed boundary value problems, the second Piola-Kirchhoff stress Si]. is
defined associated with the corresponding coordinates where the initial position of elements is
specified by rectangular Cartesian co-ordinate .X;. bio is the elementary (body) force on a volume

element per unit initial volume, therefore; continuum equilibrium equation under body-force per
unit initial volume is

aSii 0
L =0, @
aX./'
The change of the traction on an element with an initial unit normal #; has components
0 _
fi=n,8,. ®)

L . o . . . 0. .
The body-force is given in the initial volume V* while the nominal traction f, is prescribed on a
part S J(,)- of the initial surface S°. As essential boundary conditions, the virtual displacements 7,

vanishes on the remainder surface S° —S 2; therefore, a formulation of equilibrium can be

expressed by the principle of virtual work as Eq. (6).
[8,0E,av° = [ 1 on,ds® + [b] on,av", ©)
VO

yo 5%
where E i is the Green-Lagrange strain. Integrations are carried out in the original configuration.

For viscoelastic fluids and elasto-plastic and viscoplastic solids, the constitutive equations
usually supply an expression for the rate of stress in terms of deformation rate, stress, deformation,
and sometimes other (internal) material parameters. The relevant quantity for the constitutive
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equations is the rate of stress at a given material point.
Based on Hill’s paper '”, McMeeking and Rice ¥ used a concise formulation of rate
equilibrium at arbitrary amounts of deformation given by the following form of the virtual work

equation.
. [ o\ov; . :
In,- (_,) av’ = jfjo 6v; dS° + jbf sv,dV°, )
yo a‘le S‘(} yo

where all integration extents are in the reference configuration and X; is the position vector of a

material point in that reference state. ¢ i is the non-symmetric nominal stress. OU j is an arbitrary

virtual velocity variation which disappears on S o S})- where the velocity rates are prescribed.
(Note that rates are indicated by the superposed dot). In order to use the updated Lagrangian
formulation, Eq. (7) should be rewritten in current configuration. Note that f ; 1s not symmetric

and does not vanish in a rigid body spin; therefore, it may be simply related to spin-invariant stress
rate, Jaumann rate of Kirchhoff stress, more suitable to be used in constitutive relations. According

to Hill '”, the nominal stress ¢ is simply related to Kirchhoff stress having components L and

T respectively.

L, =T; + 7,0, ®)

The Jaumann rate of Kirchhoff stress is given by

o

Ty =T, — Wyt + T, W, ©)

1.

e 1, = Lo, — 0 ) isthe s
where ”'_5 U, ; —U;; ) is the spin tensor.

o

Instead of the co-rotational stress rate 7 , one can use the convected stress rate '".

T, =T;+Dy 7, + 7, Dy =7, +0,, T + 7,0, (10)
where Dl-j = 5 (Ul-’ ; +0U j,l-) is the rate of deformation or stretching tensor.

By substituting Eq. (10) in Eq. (8) and considering the symmetry part of the deformation velocity
G.e. W=0)

*

t, =T5—7;Dy =7, Dy + 7,0, 4, (11)
where the Kirchhoff stress 7 =J o . J is the ratio of volume in the reference state to volume in

the current state and o is the Cauchy stress. When the reference configuration is taken at the
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instant under consideration, then J =1 '©.
By this assumption, Eq. (11) is rewritten as

*

t,=ti—o,D,—0, Dy, +0,0,,. (12)
Under these conditions, Eq. (7) becomes

* 1 . .
| {r,-,- 5D, —Ea,.ja(zp,.kp,g ~0,, 0, )}dV = [ f6v,ds + [Blsvdv, (13)
N 14

14

where all integration extents are in the current configuration. qu and fjo are still nominal force

intensity rates. This formulation was used by Sofronis and McMeeking > for structural analysis. In

* o
the Eq. (13), 7 is the convected stress rate while in the reference * the co-rotational stress rate 7
is used.
Another way to get the rate formulation is to differentiate the Lagrangian virtual work equation
i.e. Eq. (6) with respect to time. The rate of virtual work is readily found as Eq. (14):

: ov, 0on . .
S OE. +8, — T lqrv’ =\ £°6n.dS° + | b’ 6n. dV°. 14
an VOE S o o, S[)f, 7, Vf 7, (14)

We wish to use the updated Lagrangian formulation so that we now transform Eq. (14) to an
equation referring to the current configuration. Keeping in view that the reference state is the
current state, a rate formulation similar to Eq. (14) can be obtained by setting

0 0

5Eij:éDij’ a—)(i=a—xi, ij:O-ij’ (15)
Hence,
v ov, 00 . .
| U”éD‘”'+G"f'aTkaTm av = | f,5n,ds + [, 6n,av (16)
V J i S 4

in which bl. and fl are the body force and surface traction, respectively, in the current

v
configuration. In this equation, & ; is the Truesdell rate of the Cauchy stress '*. The following is

the well known expression '? for the Truesdell rate of the Cauchy stress:

v
O =0; =04V —OkU;; T O30, o

The Truesdell rate of the Cauchy stress is materially objective (frame indifferent). If a rigid
body motion is imposed on the material, the Truesdell rate vanishes, whereas the usual material rate
does not vanish. Constitutive variational statements of Egs. (13) and (16) is cited in the current
paper and integrated by the backward Euler method, respectively, in ADVENTURE-Solid and
MSC.Marc'®. The constitutive equations can be formulated in terms of the Jaumann rate of

Kirchhoff stress ¥ or Truesdell rate of the Cauchy stress as

v
oy =Ly Dy, (18)
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and
L. = ! F F F_F_D
ki — 7 im* jn" kp* lg™" mnpq > (19)
in which D represents the material moduli tensor in the reference configuration which is

mnpq

convected to the current configuration with material moduli tensor Ll.jkl .

3.  The elasto-plastic boundary value problems at a blunting crack tip

The numerical finite element analyses are employed to solve the boundary value problems of
large strain elasto-plasticity in the vicinity of a blunting crack tip under mode I (tensile)
plane-strain opening and small scale yielding conditions. Small scale yielding refers to the situation
when plasticity is so localized at the crack tip that the elastic dominant singular solution holds at a
remote distance from the yield zone '¥. Figure 1 shows the half-symmetry geometry domain and
the finite element mesh defined for the analysis in ZeBuLoN and Msc.Marc softwares. The
elements increase in size in the radial direction by a growth factor of 1.1. The used element type in
ZeBuLoN ' is 2D continuum quadrilateral elements with reduced integration in order to simulate
the incompressibility of material behavior whereas MSC.Marc '® has plane strain eight-node
distorted quadrilateral elements with reduced integration Herrmann formulation for this purpose.

(a) (b) (©)

Initial crack opening displacement (b)) =1 X 10° m

Radius of the half-symmetry domain (R)=0.15 m
Thickness of the elements in the plane strain analysis (t)= 8.25 X 10 m

Fig. 1 (a) Geometry of the model and boundary conditions; (b) small —scale yielding mesh; (c) mesh
configuration in vicinity of the crack tip.

Figure 2 illustrates the three dimensional mesh with 3,706 nodes and 1,776 8-node hexahedral
elements which is used in ADVENTURE-Solid '”. As can be seen in the figure, the mesh is refined
near the crack tip. Authors used the result of ADVENTURE-Solid software which is concluded by
using a reduced (selective) integration technique in order to model the effect of elasto-plastic state
at the crack-tip on hydrogen diffusion problems ”. Plane strain local yielding situations are
considered and the constitutive variational statement of Eq. (13) and (16) were integrated by the
backward Euler method, respectively, in ADVENTURE-Solid '” and MSC.Marc ' software. The
yielded zone is confined to a small region near the crack tip that is negligible in size in comparison
to geometric dimension such as crack length, un-cracked specimen width, etc. In this situation
according to reference (18), we employ a special boundary layer type formulation of the problems.
The actual configuration is then replaced by the simpler semi-infinite body, and a boundary layer
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approach is employed replacing actual boundary conditions in Fig.3 with the asymptotic boundary
conditions as Egs. (20) and (21).

1+v | R 0
RO)=K, ——.|— —|3—-4v - , 20
u,(R,0)=K, R cos(zj( v —cos6) (20)
I+v |[R . (0
uy(R,9)=K,T ZSIH(EJ(S_“V—COSH)’ (21)

where K, is the stress intensity factor from the linear elastic crack solution. £ and Vv are,

respectively, Young’s modulus and Poisson ratio of the material and @ is the polar angle as
shown in Fig.3.
Symmetry boundary conditions are applied on the crack plane y=0. The symmetry line € =0

is free of shear tractions and displacements in the y direction (see Figs. 1 and 3). The load is
increasing from zero at a rate of 0.69 MPa(m)*’s™ for 130 s with steps of 0.5 s. At 130 s the crack

tip opening displacement b, , according to Tracey ') is 4.7 times the initial crack tip opening

displacement bl. . The finite element computations using the updated Lagrangian formulation with

the full Newton-Raphson method are performed by three softwares; ADVENTURE-Solid,
MSC.Marc and ZeBuLoN.

5X10°m

Fig. 2 Refined mesh used in ADVENTURE-Solid in the vicinity of the crack tip (thickness=8.25 X 10* m).

Uy
Ux
/ N\
— Og 9 IIII
6=180 Z \ 5> 66920
Ti:() Lt T.=0 ol
I~ R gl

Fig. 3 Boundary conditions of small scale yielding approach for a half-symmetry domain with the radius of
R=0.15m.
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4. Numerical results and discussions

The material used in the simulation is the BCC impure iron whose properties are given in
Table 1.
Tablel Material properties of BCC impure iron.

Properties Symbol Value
Young’s modulus E 207 % 10" N/m?
Poisson ratio v 0.3

Initial yield stress oy 250 10" N/m?
Work hardening exponent N 0.2

The displacement contours in x direction concluded from MSC. Marc and ZeBuLoN are shown
in Fig.4 for comparison. Not only is there a good agreement between the shapes of the contours but
also the maximum displacement concluded from two mentioned FEM softwares are almost the
same (i.e. Ug=1.104x 10* m for MSC. Marc and U,=1.110% 10 m for ZeBuLoN).

Inc: 260 -~
Time: 1.300e+002 MSC A

1.104=-004
9.933e-005
8. 830e-005
7.726e-005
6.622e-005
5. 519e-005
4.415e-005
3.311e-005

2.207=-005

1.104e-005

25250018 (a) 4
LX

0 1e-05 ze-05 3e-05 48-05 5e-05 6e-05 Te-05 Ge-05 9e-05 00001 0.00017

U1 map:130.000000 time:130 mim:0.000000 max0.000111

Fig. 4 Displacement in x direction concluded from; (a) MSC. Marc and (b) ZeBuLoN.
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In Fig.5 the equivalent plastic strain £ produced at 130 s plotted against the distance of the

initial position of each node from the notch root (X) normalized by b, i.e. crack opening

displacement after 130 s in the undeformed configuration for @ =0 is compared with the result

of Sofronis and McMeeking® for ADVENTURE-Solid and MSC. Marc. The comparison between
the current analysis and the previous one represents satisfying results (see Fig.5). Incompressibility
of material behavior was enforced by the method of selective (or reduced) integration as explained
in section 3.

LY 1 I T Ll U T T T 18 T T 1 T T 1 1 T 1
1.6 F - 16 F 1
E 8 =0° E 8 =0°
- -1 14 ¥ -
. . B . .
2 iz} =—— Sofronis and McMeeking > - s 12 b === Sofronis and McMeeking > -
-2 =
- . & MSC.Marc result . oo ¢ ADVENTURE-Solid result .
=, =5
qﬁ 08 - -ig 05 =
= e = 08 l
B 5
g 04 - E]_, 04 - N
L B . 0z b o
I | L L L L 1 J; - 1 " yi | L L L 1 XL
{ 2 4 X/bc 6 3 10 ] 2 4 X/bc fi H] 11

(a) _
Fig. 5 Plot of equivalent plastic strain & Pys distance X/b, after 130 s when the crack opening displacement b,

is equal to 4.7b; (X is the distance of the initial position of each node from the notch root in the undeformed
configuration); (a) MSC.Marc, (b) ADVENTURE-Solid.

Figure 6 illustrates the equivalent von-Mises stress around the vicinity of the crack tip. As can
be seen in this figure, there is a significant gradient of von-Mises stress near the crack tip.

8.6582+007

-1.7772+007

|_|
18x10%m

Fig. 6 Contour of equivalent von-Mises stress near the crack tip.
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Figure 7 illustrates the hydrostatic stress in the vicinity of the crack tip on symmetry line i.e.
6 =0 after 130 s. In this figure, the results of ADVENTURE- Solid and ZeBuLoN analyses have

been compared with Sofronis and Mc.Meeking > and Krom et al. ®. As can be seen the maximum of
hydrostatic stress is located at a position close to the crack root in the undeformed configuration
(X/b=1.75).

5. Conclusion

Structural finite element analyses were implemented in order to investigate the distribution of
hydrostatic stress and equivalent plastic strain in the vicinity of a blunting hydrogen-induced crack
tip. The displacement and hydrostatic stress distributions obtained in ADVENTURE-Solid,
MSC.Marc and ZeBuLoN by using different rate equilibrium equations as explained in this paper
were verified by the results of Sofronis and McMeeking’s study > and Krom et al. ®. In each case
there is a good agreement between the results so it shows that the numerical model of Sofronis and
McMeeking’s paper > has been reconstructed successfully and the mentioned model produces
considerably same results by different rate equilibrium equations. Following this study, by using the
results of ADVENTURE-Solid, authors have already published a paper explaining an analysis in
order to determine the hydrogen distribution around the crack tip using the boundary value
approach”. The next study will be the fully coupled analysis in order to investigate the effect of
hydrogen concentration on softening of materials as well as hydrogen distribution analysis around
the crack tip.

QO » » Sofronis and McMeeking &O L m Sofronis and McMeeking ¥
S 2 — Krom et al. ® S — Krometal.?
e ZeBuLoN + ADVENTURE-Solid
1 1
o : —— 0
0 1 2 ] 4 5 B 7 8 El 1o i} 2 4 [ B 10
X/b, X/b,
(a) (b)

Fig. 7 Plot of normalized hydrostatic stress vs distance X/b. after 130 s when the crack opening
displacement b, is equal to 4.7b; (X is the distance of the initial position of each node from the notch root in the
undeformed configuration); (a) ZeBuLoN, (b) ADVENTURE-Solid.

Acknowledgments

This research has been conducted as a part of “Fundamental Research Project on Advanced
Hydrogen Science” funded by New Energy and Industrial Technology Development Organization
(NEDO). The authors gratefully acknowledge the assistance of Prof. J. M. Olive, Dr. N. Saintier
and Mr. A. Lavoil in performing the analysis in ZeBuLoN software.



Finite Element Analysis of the Stress and Deformation Fields around the Blunting Crack Tip 161

References

1)Meyers, S. M. et al., Hydrogen interactions with defects in crystalline solids, Reviews of Modern
Physics, Vol. 64, No. 2, pp. 559-617 (1992).

2)Tabata, T., Birnbaum H. K., Direct observations of the effect of hydrogen on the behavior of
dislocations in iron, Scripta Metallurgica, Vol. 17, pp. 947-950 (1983).

3)McMeeking, R. M., Finite deformation analysis of crack-tip opening in elastic-plastic materials
and implications for fracture, Journal of the Mechanics and Physics of Solids, Vol. 25, pp. 357-381
(1997).

4)McMeeking, R. M., Rice, J. R., Finite-element formulations for problems of large elastic-plastic
deformation, International Journal of Solids and Structures, Vol. 11, No. 5-F, pp. 601-616 (1975).
5)Sofronis, P., McMeeking, R. M., Numerical analysis of hydrogen transport near a blunting crack
tip, Journal of the Mechanics and Physics of Solids, Vol. 37, No.3, pp. 317-350 (1989).

6)Krom, A. H. M., Koers, R. W. J., Bakker, A., Hydrogen transport near a blunting crack tip,
Journal of the Mechanics and Physics of solids, Vol. 47, pp. 971-992 (1999).

7)Kanayama, H., Shingoh, T., Ndong-Mefane, S., Ogino, M., Shioya, R., Kawai, H., Numerical
analysis of hydrogen diffusion problems using the finite element method, Theoretical and
Applied Mechanics Japan, Vol. 56, pp. 389-400 (2008).

8)Taha, A., Sofronis, P., A micromechanics approach to the study of hydrogen transport and
embrittlement, Engineering Fracture Mechanics, Vol. 68, pp. 803-837 (2001).

9)Kotake, H., Matsumoto, R., Taketomi, S., Miyazaki, N., Transient hydrogen diffusion analyses
coupled with crack-tip plasticity under cyclic loading, International Journal of Pressure Vessels
and Piping, Vol. 85, pp. 540-549 (2008).

10)Hill, R., Some basic principles in the mechanics of solids without a natural time, Journal of the
Mechanics and Physics of Solids, Vol. 7, pp. 209-225 (1959).

11)Truesdell, C., Noll, W., The nonlinear field theories of mechanics. In: Flugge S., editor,
Handbuch der Physik, Vol. 111, Berlin, Springer, p. 404 (1965).

12)Truesdell, C., The simplest rate theory of pure elasticity, Communications on pure and applied
mathematics, Vol. 8, pp. 123-132 (1955).

13)MSC.Marc 2005 r3 Help Manual, MSC.Marc Volume A: Theory and User Information, User
Documentation: Copyright © 2006 MSC.Software Corporation, Printed in U.S.A., pp. 131-141.
14)Tracey, D. M., Finite element solutions for crack-tip behavior in small-scale yielding, Journal
of Engineering Materials and Technology, Vol. 98, pp. 146-151 (1976).

15)Handbook of Z-set Version 8.4, Release Notes Zmaster, Transvalor / ENSMP Centre des
Mat’eriaux & Northwest Numerics, March, pp. 6.4-6.5 (2006).

16)MSC.Marc 2005 r3 Help Manual, MSC.Marc Volume B: Element Library, User Documentation:
Copyright © 2006 MSC.Software Corporation, Printed in U.S.A., pp. 368-372.

17)Yoshimura, S., Shioya, R., Noguchi, H., and Miyamura, T., Advanced general-purpose
computational mechanics system for large-scale analysis and design, Journal of Computational and
Applied Mathematics, Vol.149, pp. 279-296 (2002).

I8)Rice, J. R., A path independent integral and the approximate analysis of strain concentration by
notches and cracks, Report E39, Division of Engineering, Brown University Providence, May
(1967).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


