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TiNi SHAPE MEMORY ALLOY TENSION AT VARIOUS TEMPERATURES —
INFRARED IMAGING OF SHAPE MEMORY EFFECT
AND PSEUDOELASTICITY

1. INTRODUCTION

SUMMARY

The mechanical characteristics and the infrared imaging of stress-induced martensite transformation developing in
TiNi shape memory alloy (SMA) subjected to tension in various conditions with respect to the SMA austenite

finish parameter have been presented. Based on the mechanical curves and their related temperature changes it

was found that onset of the martensitic transformation appears at the end of the elastic part of the stress-strain
curve, since the temperature starts to increase before the knee in the curve. The uniform temperature distribution
observed on the specimen surface at this stage confirms that the initial martensite transformation is macroscopi-
cally homogeneous. For the shape memory effect behavior the uniform temperature distribution on the specimen
surface was observed during the complete process of the SMA loading which means that the transformation pro-
cess is macroscopically homogeneous. For the shape memory alloy pseudoelasticity behavior bands of higher tem-
perature have been recorded during the specimen loading and bands of lower temperature during its unloading,
manifesting localized Liiders-like deformation, caused by the transformation process. As the transformation advan-
ces, the higher temperature changes have been recorded. Taking advantages from the infrared technique a new
results concerning nucleation and development of the martensite forward and reverse transformation have been
obtained. Finally, some examples of the SMA new applications due to the SMA shape memory effect have been
presented and discussed.
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BADANIE STOPU TiNi Z PAMIECIA KSZTAETU W PROCESIE ROZCIAGANIA
W ROZNYCH TEMPERATURACH — EFEKT PAMIECI KSZTALTU I PSEUDOSPREZYSTOSC
W TECHNICE BADAN W PODCZERWIENI

W pracy omowiono wiasciwosci stopow z pamieciq ksztaltu, przedstawiono wyniki wlasnych badan parametrow
mechanicznych w procesie jednoosiowego rozciqgania oraz zmian temperatury probek, otrzymane w sposob bez-
stykowy za pomocq kamery termowizyjnej o wysokiej czutosci. Na podstawie charakterystyk mechanicznych oraz
zmian temperatury probek tego stopu stwierdzono, ze indukowana naprezeniem przemiana fazowa inicjuje sie pod
koniec zakresu sprezystego, zdecydowanie przed plateau, charakterystycznym dla przebiegu przemiany. Zarejestro-
wane rozkltady zmian temperatury na powierzchni obciqzanych probek pozwolily wykazad, ze przemiana martenzy-
tyczna wprost i odwrotna, odpowiedzialna za pseudosprezystos¢ SMA, zachodzi w sposob niejednorodny. Inicjuje
sie w postaci cienkich pasm, podobnych do pasm Liidersa, ktore nastepnie rozwijajq sie w dwoch prawie prosto-
padlych kierunkach. Niejednorodnos¢ przebiegu przemiany martenzytycznej udokumentowano w technice badan
w podczerwieni oraz fotografujqc relief na powierzchni probki. Omowiono przykiady nowych zastosowan stopu
z pamieciq ksztaltu.

Stowa kluczowe: stop z pamieciq ksztaltu, TiNi, przemiana martenzytyczna, efekt pamieci ksztaltu, pseudospre-
zystosé

storage and energy dissipation can be obtained. Successful

TO SHAPE MEMORY ALLOYS

The development of intelligent or smart materials and their
systems is highly anticipated since they have various func-
tions, such as sensing, working and crack-healing by them-
selves, etc. In the field of intelligent materials, the develop-
ment of shape memory alloy has attracted high attention
since the unique properties of the shape memory effect
(SME) and superelasticity (SE) appears (Tobushi, 2009). If
we use the SME and SE in practical applications, not only
large recovery strain but also high recovery stress, energy

applications of shape memory effect are couplings, actua-
tors in electric appliances, automobile devices, robots and
smart materials, e.g. composites with polymer or metal
matrix. Pseudoelasticity and high elasticity are applied to
orthodontic arch wire, antennas for cellular phones, guide
wires for catheters, medical instruments, orthopedic devi-
ces, etc. (Shaw 1997, Dutkiewicz 2008, Tobushi 2009).
The shape memory alloy deformation behavior under
various conditions is related to many practical applications,
and is summarized graphically by the three-dimensional
stress-strain-temperature diagram in Figure 1.
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Fig. 1. Three-dimensional stress-strain-temperature diagram showing the deformation and shape memory
and superelastic behaviors of a TiNi alloy deformed below 4 and above A,

In the Figure 1, A and Af denote the austenite start and
finish temperatures, respectively. In the yield stage of the
stress-strain diagram shown in the 6—¢€ plane, the deforma-
tion accompanied by the stress plateau appears due to the
martensitic transformation. This phenomenon is called the
stress-induced martensitic transformation. The strain induced
at a temperature below A, 6%, recovers between A, and A
after the applied stress has been removed and the specimen
heated, as seen in the e-T plane, showing the shape memory
effect (Figs 3, 4). At a temperature above A, the martensite
transformation is developing, leading to the usual superelas-
tic loop with upper and lower plateaus (Figs 5, 7, 8).

The main features of the SME and SE are induced due to
the twinning, martensitic transformation and the martensite
variants reorientation. Since the shape memory alloys are
very sensitive to the temperature change, effects of thermo-
mechanical couplings related to the stress-induced marten-
site transformation responsible for their behavior and relat-
ed to many effective applications can be studied on the basis
of the obtained mechanical and temperature characteristics.

2. MATERIAL AND EXPERIMENTAL PROCEDURE

The experiments have been carried out on two kinds of TiNi
shape memory alloy belt specimens of 160 x 10 x 0.4 mm,
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cut from strips; characterized by the A [ temperature equal to
333 K and 283 K, respectively. The specimens have been
subjected to the strain-controlled tension test on the Instron
testing machine in quasi-static range of strain rates. In the
course of the investigation both the mechanical characteris-
tics and the distribution of the infrared radiation emitted by
the specimen surface were registered continuously. The dia-
gram of the experimental equipment is presented in Figure 2.
The infrared camera used is a long wave type, working in the
wave range of 7.5—-13 um. The matrix size is 320 x 240 pix-
els. The spatial and the temperature resolutions depend on
the camera-specimen distance. In the case of the results pre-
sented here, the distance was 10 cm and the spatial resolu-
tion was 0.3 mm. Before the testing, the specimen surface
was covered with a very thin layer of a carbon powder in
order to make its emissivity higher and more homogeneous.
The specimen mean temperature was calculated over an area
of 8 mm X 60 mm, located in the central part of the specimen.
The obtained stress-strain characteristics, the specimen tem-
perature distribution and the mean temperature changes en-
able the study of the process of nucleation and the further
development of the martensitic forward and reverse trans-
formation, which are responsible for the shape memory alloy
thermomechanical behavior. The latter is important in the
SMA number of emerging practical applications.

Infrared
camera

¢ Testing
machine

Fig. 2. Diagram and photograph of experimental equipment for mechanical and temperature investigation
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The mean temperature, calculated from the specimen
surface, is usually used in the presented curves and thermo-
mechanical coupling analysis (Fig. 7). The measurement
temperature accuracy obtained for the used infrared camera
was approximately 0.2 K.

3. INFRARED IMAGING OF STRESS-INDUCED
TRANSFORMATION

Investigations of the temperature variations accompanying
the martensite transformation processes in shape memory
alloys by infrared camera have been launched quite recently
(Shaw 1997). At first, the temperature was estimated using
a thermocouple, which, however, was limited to the measure-
ment at a single chosen point. A modern infrared camera is
very useful in the investigations, since it allows for monitor-
ing of the temperature distribution on the examined specimen
surface and the calculation of the mean temperature in a con-
tact-less way over arbitrarily chosen area, segment or a num-
ber of points The stress-induced martensitic transformation
manifests an exothermic character, while the reverse shows
endothermic transformation, so during loading the SMA
temperature increases and during unloading the temperature
decreases (Show 1997, Gadaj 2002, Pieczyska 2004, 2006).

The measured temperature changes depend on the strain
rate; the higher the strain rate, the higher the temperature
change. The recorded maximal temperature increments
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were of about 4K for the strain rate 10~ s~ to about 40 K
for 107! (Pieczyska 2008). During the SMA loading pro-
cess, the recorded temperature distribution was more or less
uniform. It means that the process of the phase transforma-
tion, analyzed in macro-scale, was more or less homoge-
neous (Brinson 2004, Favier 2007, Pieczyska 2004, 2008,
2010, He 2010).

Depending on the test temperature in reference to the
SMA austenite finish (A ) and austenite start (A ) tempera-
ture parameters, the recorded temperature distribution is
more or less uniform. The stress-strain curves and the spe-
cimen temperature distributions obtained during tension of
the TiNi SMA at the temperature below, at and above A pare
shown in Figures 3—5, 7 and 8.

3.1. Infrared imaging of the shape memory effect

Figure 3 presents the stress-strain curve and the specimen
temperature distributions obtained during tension of the
TiNi SMA (A =320 K, A=333 K) performed at 295 K (be-
low the SMA austenite start temperature, i.e. registering
shape memory effect. The images presented on the right
show the specimen temperature distribution recorded at the
strains equal to 0,1%, 2%, 3% during loading; and 2.9%
during unloading, respectively.

From the Figure 3 one can observe that the specimen tem-
perature increases during the SMA loading and decreases

Loadlng (1, 2, 3, 4) Un/oadmg )

Fig. 3. Stress-strain curve and temperature distribution on the surface of TiNi SMA tape obtained at various strains

under strain rate of 1.87x107s™"
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Fig. 4. Stress-strain curve and temperature distribution on the surface of TiNi SMA tape at various strains
under strain rate of 1.87x1073s™! during loading and unloading at T' = 4, studied by infrared thermography
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during the unloading but that the recorded temperature dis-
tribution is uniform, i.e. the transformation process observed
in macro-scale by the applied infrared equipment is homoge-
neous. After unloading, a great residual strain =3% called
also the shape memory effect was recorded. The specimen
recovers its former size and shape during its subsequent
heating at the temperature between 320 K and 333 K.

The stress-strain curve and the temperature distribution
accompanying the SMA tension performed atT=A (333 K)
with the strain rate equal to 1. 87x107 is presented in
Figure 4.

Looking at the Figure one can notice that the temperature
distribution of the SMA loading by tension at 7' = Af is not
uniform, especially during the loading, manifesting that the
martensite transformation process is not homogeneous.
Namely, bands of the new phase, related to the higher tem-
peratures, nucleate at various positions and grow wider
thereafter on the whole specimen surface.

Moreover, one should also take into account that the re-
sults presented in Figures 3 and 4 were obtained for the
similar specimen of the shape memory alloy during tension
carried out with the same strain rate 1.87x107 s 1, however
in Figure 3 the specimen was subjected to tension in the
strain range of about 4%, while in Figure 4 twice higher
strain range, approximately 8%, was applied.

3.2. Infrared imaging of the shape memory
alloy pseudoelastic behavior

For the TiNi SMA characterized by Af = 283 K and loading
by tension in room conditions (295 K) the temperature
imaging is much more complex (Figs 5, 8), reflecting the
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much more complex transformation process. The results,
presented in Figure 5, were obtained for the tension carried
out with higher strain rate equal to 1.6x10 s and within
the strain range approximately 6%. For the test, a superelas-
tic (pseudoelastic) behavior was recorded and much higher
stresses over 500 MPa have been achieved in the range of
the martensite forward transformation in comparison to the
formerly obtained results: 150-260 MPa (Figs 3 and 4). After
the unloading, only a small residual strain has been recorded
(Fig. 5, left). Moreover, one can observe a localized Liiders-
like deformation developing in the SMA specimen. The tem-
perature distribution recorded on the specimen surface re-
flects immediately a nucleation and development of the new
phases, both martensite and reverse, due to the temperature
changes and significant temperature variations between the
parent and the new phase. Namely, bands of significantly
higher temperature, corresponding to the exothermic inho-
mogeneous martensite forward transformation, started from
the grip area were recorded during the SMA loading, where-
as bands of significantly lower temperature, corresponding
to the endothermic reverse transformation, were recorded
during the unloading process. It was observed that in the
case of high strain rate, the transformation bands nucleate
not only at the ends or center, but also at various positions
and develop thereafter on the whole surface of the specimen
(Pieczyska 2008, 2010, He 2010).

Sometimes the nucleation and growth of the transforma-
tion bands are so clear and significant that they can be ob-
served directly on the surface of the specimen with the
naked eye (Fig. 6). Such effects were obtained with the test
for which stress-strain curve and infrared imaging are pre-
sented in Figure 5.
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Fig. 5. Stress-strain curve and temperature distribution on surface of TiNi SMA specimen at various strains
under a strain rate of 1.6x10 %! during loading and unloading at 7> A, studied by infrared thermography
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Fig. 6. Deformation patterns on TiNi SMA specimen surface due to phase transformations

in tension test under strain rate = 1.6x1072s
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Stress-strain and temperature-strain curves obtained
during TiNi SMA pseudoelastic behavior with strain rate
105! is shown in Figure 7.
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Fig. 7. Stress- and temperature-strain curves obtained for TiNi
tension test performed with strain rate 102!

Looking at the mechanical and the temperature graphs
obtained for the strain rate 10 s™! and for the strain range
8% presented in Figure 7 one can conclude that the marten-
site transformation during the loading processes is almost
completed. Moreover, one can find from the presented data
that the martensite transformation starts when the onset in
temperature is recorded and the transformation is developed
until the temperature does not increase (during the latest
loading stage).

The temperature distributions on the specimen surface
(thermograms) obtained during the test were overlapped
on the stress- and the temperature-strain diagram and pre-
sented in Figure 8, (Pieczyska, 2008).
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Fig. 8. Stress- and temperature-strain curves supplemented by

the infrared temperature distributions obtained for TiNi SMA

tension test performed with strain rate 10257 thermograms
1-5 loading; 6—8 unloading

One can notice that transformation bands of significantly
higher temperature are corresponding to the exothermic in-
homogeneous martensitic forward transformation recorded
during the SMA loading (thermograms 1-5), whereas bands
of significantly lower temperature, corresponding to the en-
dothermic reverse transformation, were recorded during the
specimen unloading (thermograms 6-8). As the tension pro-
ceeds the band widens significantly and other bands appear,
at first parallel and then inclined at the same angle but deve-
loping in the opposite direction (Pieczyska 2006). As the
strain increases, more and more transformation bands appear
and move towards the specimen grip. When the bands reach
the grips area (Fig. 8, thermogram 4), the upswing region on
both the stress- and the temperature-strain curves are ob-
served, reflecting the more advanced stage of the transfor-
mation process. The stress and the temperature increase fast,
however the temperature distribution becomes more uni-
form at more advanced transformation stage (5), so the
transformation process seems to be more homogeneous,
probably due to the transferring heat overlapping effects.

During the unloading, after passing the elastic stage
(Fig. 8, thermogram 6), the reverse transition takes place.
After the unloading is completed, the material almost re-
turns to its parent austenite phase. However, the tempera-
ture drops below its initial value and the residual strains,
related to a small amount of the martensitic and irreversible
macro-structural changes appear, depending on the speci-
men history (Brinson 2004, Pieczyska 2006, Favier 2007).

The phenomena of localized Liiders-like transformations
accompanying the complete loop of the TiNi SMA pseu-
doelasticity behavior analyzed in infrared technique have
been confirmed by (Murusawa 2004, Daly 2007) by using
a Digital Image Correlation (DIC) Strain Map technique.

4. NEW APPLICATIONS OF SMA SHAPE MEMORY
EFFECT AND SUPERELASTICITY

Due to unique properties of shape memory alloys manifested
in various conditions many projects are still developing for
daily life, medicine and technology practical applications.

4.1. Solar vehicle and engine based on SMA
shape memory effect

A photograph of a solar-powered car driven by a simple-
pulley TiNi SMA heat engine is shown in Figure 9.

The SMA heat engine is driven by the sun light using
a Fresnel lens. In the SMA heat engine, two pulleys are con-
nected by the SMA belt which is shape-memorized into the
flat plane by the heat treatment before making into a loop by
welding. The car moves based on the recovery force in the
SMA belt which appears by heating from the sun light focused
by the Fresnel lens. From a view-point of global warming
prevention, being able to use the low-temperature thermal
energy around 373 K, the development of the compact and
harmless clean SMA heat engine is greatly anticipated.
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Fig. 9. Project of SMA new solar vehicle and engine using a shape memory effect (SME); AIT

4.2. Shape memory alloy new engine

A design of a new shape memory alloy engine proposed by
the Aichi Institite of Technology students is shown in Fi-
gure 10.

Fig. 10. Photograph of design of SMA engine using a SME
and driven by a hot water; AIT

The springs made from TiNi SMA are in martensite state
in room conditions. When the engine is partly put into a hot
water, above the SMA A, temperature, those SMA springs
which are immersed in the hot water are suddenly shrink-
ing, and the device starts to rotate.

5. CONCLUSIONS

The mechanical characteristics, the temperature changes
and the infrared imaging of stress-induced martensite trans-
formation occurring in TiNi SMA subjected to tension in
various conditions with respect to the alloy austenite finish
temperature have been presented. Based on the mechanical
curves and their related temperature changes it was found
that an onset of the martensitic transformation appears at the
end of the elastic part of the stress-strain curve, since the
temperature starts increase before the knee in the curve. The
uniform temperature distribution observed on the specimen

surface at this stage confirms that the initial martensite
transformation is macroscopically homogeneous. At higher
strains, for the shape memory alloy pseudoelastic behavior,
bands of higher temperature are observed during the speci-
men loading and bands of lower temperature during its un-
loading, manifesting localized Liiders-like transformation.
When the transformation bands reach the grips area during
the loading, an upswing effects on both the stress-strain and
the temperature-strain curves are observed, reflecting the
intense process of the advanced martensite transformation.
For the shape memory effect behavior the uniform tempera-
ture distribution on the specimen surface is observed till the
end of the loading which means that the transformation pro-
cess is macroscopily homogeneous. Using a modern, sensi-
tive and fast infrared camera enables to obtain new results
of the nucleation and development of the martensite for-
ward and reverse transformations. Due to unique properties
of shape memory alloys manifested in various conditions,
many practical applications are still developing, for daily
life, medicine and technology.

Acknowledgments

The research has been carried out with support of the Pol-
ish Ministry of Science and Higher Education under Grant
No 501220837, the Japan Society for the Promotion of
Science (JSPS); Post-doc ID P04774 and Scientific Re-
search (C) No 18560090 and The Naito Research Grant.

References

Tobushi H., Pieczyska E.A., Ejiri Y. and Sakuragi T. 2009, Thermomecha-
nical Properties of Shape-Memory Alloy and Polymer and their
Composite. Mechanics of Advanced Materials and Structures,
vol. 16, pp. 236-247.

Pieczyska E. 2008, Analiza doswiadczalna wiasciwosci termomechanicz-
nych stopow TiNi oraz poliuretanu z pamieciq ksztattu. Prace IPPT/
IFTR Reports, ISBN 978-83-89687-37-1, 3, (in Polish, graphs in
English).

Shaw J.A., Kyriakides S. 1997, On the nucleation and propagation of
phase transformation fronts in a TiNi Alloy. Acta Materiala, 45, 2,
pp. 683-700.

Gadaj S.P.,, Nowacki W.K., Pieczyska E.A. 2002, Temperature evolution
in deformed shape memory alloy. Infrared Physics & Tech., 43,
pp. 151-155.

25



Elzbieta PIECZYSKA, Hisaaki TOBUSHI

TiNi SHAPE MEMORY ALLOY TENSION AT VARIOUS TEMPERATURES...

Pieczyska E.A., Gadaj S.P., Nowacki W.K., Tobushi H. 2004, Thermome-
chanical Investigations of Martensite and Reverse Transformations
in TiNi Shape Memory Alloy. Bull. Pol. A . Sci Tech Sci 52 (3),
pp. 165-171.

Pieczyska E.A., Gadaj S.P., Nowacki W.K., Tobushi H. 2006, Phase trans-
formation front evolution for stress- and strain-controlled test in TiNi
SMA. Experimental Mechanics, vol. 46, No 4, pp. 531-542.

Dutkiewicz J.M., Maziarz W., Czeppe T., Litynska L., Nowacki W.K.,
Gadaj S.P., Luckner J., Pieczyska E.A. 2008, Powder metallurgy
technology of NiTi shape memory alloy. Eur. Phys. J., 158, pp. 59—65.

Murasawa G., Koushinbou M., Yoneyama S., Sakuma T., Takashi M.
2004, Measurement of Inhomogeneous Deformation Behavior Ari-
sing in SMA. J. Soc. Mat. Sci., Japan, 53, 9, 999-1005.

Brinson L.C., Schmidt I., Lammering R. 2004, Stress-indeced transforma-
tion behavior of a polycrystalline NiTi shape memory alloy: micro
and macromechanical investigation via in situ optical microscopy.
J. Mech. Phys. Solids, 52, pp. 1549-1571.

Daly S., Ravichandran G., Bhattacharya K. 2007, Stress-induced marten-
sitic phase transformation in thin sheets of Nitinol. California Insti-
tute of Technology, Acta Materialia, 55, pp. 3593-3600.

Favier D., Louche H., Schlosser P., Orgeas L., Vacher P., Debove L. 2007,
Homogeneous and heterogeneous deformation mechanisms in auste-
nitic polycrystalline Ti-50.8 at.%Ni thin tube under tension. Investi-
gation via temperature and strain fields measurements. Acta Mate-
rialia, 55, pp. 5310-5322.

Pieczyska E.A., Tobushi Hisaaki, Nowacki W.K., Gadaj S.P., Sakuragi
Toshimi 2007, Subloop Deformation Behavior of TiNi Shape Me-
mory Alloy Subjected to Stress-Controlled Loadings, Materials
Transactions. vol. 48, No 10, pp. 2679-2686.

Pieczyska E. 2010, Activity of Stress-Induced Martensite Transformation
in Shape Memory Alloy Studied by Infrared Technique, Journal of
Modern Optics. vol. 57, no. 18, pp. 1700-1707.

He Y.J., Sun Q.P. 2010, Rate-dependent domain spacing in a stretched
NiTi strip. Int. J. Solids Struct., 47, pp. 2775-2783.





<<
  /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 true
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /SUO <>
    /SVE <>
    /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.)
  >>
  /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


