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Shape memory alloy (SMA) represents the most versatile way to realize smart materials with sensing,
controlling, and actuating functions. Due to their unique mechanical and thermodynamic properties and to
the possibility to obtain SMA wires with very small diameters, they are used as smart components
embedded into the conventional resins or composites, obtaining active abilities, tunable properties, self-
healing properties, and damping capacity. Moreover, superelastic SMAs are used to increase the impact
resistance properties of composite materials. In this study, the influence of the integration of thin super-
elastic wires to suppress propagating damage of composite structures has been investigated. Superelastic
SMAs have very high strain to failure and recoverable elastic strain, due to a stress-induced martensitic
phase transition creating a plateau region in the stress-strain curve. NiTi superelastic wires (Af = 215 �C
fully annealed) of 0.10 mm in diameter have been produced and characterized by SAES Getters. The
straight annealed wire shows the typical flag stress-strain behavior. The measured loading plateau is about
450 MPa at ambient temperature with a recoverable elastic strain of more than 6%. For these reasons
superelastic SMA fibers can absorb much more strain energy than other fibers before their failure, partly
with a constant stress level. In this paper, the improvement of composite laminates impact properties by
embedding SMAwires is evaluated and indications for design and manufacturing of SMA composites with
high-impact properties are also given.
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1. Introduction

Composite structures often present small damages and
defects resulting either from the manufacturing process or from
accidental impacts occurring during their use. These small
impacts may result in initial deformations and reduce the
strength and the lifetime of composite material. In fields where
the event of an impact needs to be considered, such as
aerospace and transportation, it is of fundamental importance to
predict the impact behavior and to collect data on impact
resistance of candidate materials. In these cases, the composite
material has to resist to the static and fatigue loads and to
random impact loads which can occur during its lifetime. For

these reasons there is a need of improving impact resistance
behavior of composite structures, without increasing their
weights and compromising other mechanical properties.

Shape memory alloys (SMA) represent the most versatile way
to fabricate smart materials with sensing, controlling, and
actuating functions (Ref 1-4). Due to their unique mechanical
and thermodynamic properties, and to the possibility to obtain
SMA wires with very small diameters (down to 20-30 lm
diameter), they are used as smart components embedded into
conventional composites, obtaining active abilities, tunable
properties, self-healing properties, and damping capacity. More-
over, SMA superelastic properties can be exploited to increase the
impact properties of composite materials. SMA presents a very
high strain to failure and a large recoverable elastic strain, thanks
to a stress-induced martensitic phase transition creating a plateau
region in the stress-strain curve. For these reasons superelastic
SMA fibers can absorb much more strain energy than other fibers
before their failure, with a nearly constant stress level.

In this study, the increasing of impact properties of fiber
reinforced polymer composites by the integration of thin
superelastic SMA wires has been investigated. Other authors
have already investigated the impact damage behavior of SMA
composites, showing that for low-velocity impacts, embedding
SMAwires increases the impact properties (Ref 5-10). For this
reason, SMAwires of small diameter (100 lm) are embedded in
glass and carbon reinforced composite laminates, in order to
understand how the impact properties of composite materials
change with this hybridization, and to find out some indications
for the design of SMA/carbon or SMA/glass hybrid composites
with improved impact properties. These results will be applied to
new energy-absorbing structures for the aerospace and transpor-
tation industries and for the individual protection industry.
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In order to discriminate the influence of the martensitic
transformation from the simple introduction of metallic wires
into the polymeric matrix, preliminary tests were carried out on
composite panels embedding steel wires of the same diameter
of the SMA ones.

The hybrid laminates were tested by Charpy pendulum,
using a hammer equipped with a piezoelectric sensor for the
measurement of force-time and force-displacement curves
during the impact test. Moreover, glass and carbon reinforced
samples were subjected to repeated low-velocity impacts up to
fracture, in order to evaluate the influence of this hybridization
on the damage tolerance of the composite. Results of repeated
impact loads were plotted as peak load (Fmax) versus repeated
impact number, as in a traditional fatigue plot, thus providing
preliminary design rules. In addition, a quasi-static analysis was
performed, according to ASTM D790, to compare the failure
mechanisms at different strain rates.

2. Materials and Methods

2.1 Materials

A SAES Getters SMAwire made of superelastic 56.00 wt.%
Ni balance Ti alloy straight annealed was used. The superelastic
wires have 100 lm diameter, transformation temperature
Af = �15 �C as measured on finished wires, upper plateau
load (at 4% strain) @ 400 MPa, lower plateau load (at 4%
strain) @ 100 MPa. In Fig. 1 the results of tensile test on these
wires are reported. Moreover, steel wires made of AISI 304L
alloy with 100 lm diameter, 700 MPa break load and 5% break
deformation, provided by COMAR S.r.l., were embedded in the
composite laminates to make the comparison with equivalent
SMA composites.

To embed SMA wires into the composite layers, special
frames were designed for a proper wire spacing into the matrix,
obtaining a 1 mm distance between the wires and alignment in
the principal direction of the sample. Four layers of wires were
embedded into the composites at different distances from the
neutral axis, near the external surfaces of the specimen. The
volume percentage of the SMA and steel wires embedded into

the composites is about 1%. The laminates were realized by
vacuum-assisted resin infusion process.

In Table 1 materials and stacking sequences of the compos-
ite laminates in which SMA and steel wires were embedded are
reported, and in Table 2 their main mechanical characteristics
are represented.

2.2 Experimental Methods

Three kinds of specimens were obtained from each lami-
nates for impact characterization: specimens without any
metallic wires and hybrid specimens embedding steel and
SMA wires.

Impact tests were performed according to the Charpy test
method (ASTM D256 (Ref 11)) by an instrumented impact
tester. A schematization of sample geometry, positioning, and
testing procedure is represented in Fig. 2. The pendulum
hammer was equipped with an ICP� Dynamic Force Sensor
provided by PCB Piezoelectronics for the measurement of the
force as a function of the time during the impact test.

The maximum energy used to impact the specimens was
25 J: with this energy level the specimens break with a single
hit. Moreover, the samples were hit with less energy, regulating
the pendulum holding and releasing mechanism so to start the
swing from a minor vertical height. Using such energy levels
the specimens do not break with a single hit and so they were
repeatedly impacted up to fracture. Results of repeated impact
loads were represented as peak load (Fmax) versus repeated
impacts number, as in a traditional fatigue plot.

Static flexural tests were performed by three-point bend
procedure (ASTM D790 (Ref 12)): the results are an average of
15 specimens of each type.

3. Approach

A typical damage sequence in Charpy laminate specimens
under increasing low-velocity impacts is represented in
Table 3, where Fmax is the maximum in the force-time curve,
Fi the force at the onset of delamination, and Fult is the
breaking load for the composite.

For low-energy impacts (Table 3a), localized matrix crack-
ing occurred in the contact area before the onset of delamin-
ations, but it was insufficient to have a noticeable effect on the
impact response curve that remains symmetric. When the onset
of delamination took place, there was an initial drop as
indicated in Table 3b. For higher energy impacts, this load drop
increased for the ply shear-out. By further increasing the energy
impacts, ply shear continued through the thickness, resulting in
the growth of a truncated pyramid of shear-out material.
Ultimately this pyramid forced the remaining plies, to fracture
with an explosive bang as illustrated in Table 3e.

In Fig. 3 a schematic representation of the development of
damage during the fatigue life of a composite laminate is
reported. Composite laminate was assumed to experience a
flexural load history and to include plies with different
orientations with respect to a principle load direction (0�
direction). It can be observed that the changes in Fmax values
take place in three regions (Ref 13-16). At first region, Fmax

values decrease gradually and this diminution is associated to
primary crack formation and multiplication. In the second
region, there is a plateau (or crack saturation) region, where
crack coupling, interfacial debonding, and fiber breaking take

Fig. 1 Tensile stress-strain curve for a SAES Getter shape memory
superelastic wire
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place. At last in the third region, an acceleration of the damage
takes place and Fmax values decrease sharply due to delami-
nation growth till the sample breaks.

Another important aspect to be considered is the increase of
absorbed energy as a consequence of the possible stiffness
increase associated with addition of the SMA (or steel) wires.
An important parameter that can be used to measure the effect
of wire embedding is the ductility index D (Ref 13), which is
the ratio between the propagation energy Ep and the initiation
energy Ei:

D ¼ Ep

Ei

where Ei is the area up to the maximum load under the force-
displacement curve and Ep is the area from the force peak
until the end of the test. The hybridization with SMA wires is

more effective if it increases the parameter D, otherwise it
can be considered as a brittle reinforcement of the material
behaving like the other reinforcement. The effect of hybrid-
ization can be also observed from the stress-strain curves
obtained in a static flexural experiment.

4. Experimental Results

A synthesis of the Charpy and static flexural results is
reported in Table 4 and 5. The average force and displacements
impact curves for the three types of specimens for each
composite are shown in Fig. 4 and 5. As visible in Table 4,
SMA hybridization has a little positive effect on the impact
energy for TS-glass (+1%), while for TS-carbon it is more
considerable (+9.1%): this behavior is due to the smaller break
deformation of carbon reinforced composite, which is more
brittle than glass reinforced one. Moreover, for steel hybridiza-
tion, impact energy of TS-glass composite decreases (�4.6%),
while for TS-carbon there is an increase of impact energy smaller
than for SMAhybridization (+5%). It is interesting to observe the
behavior of ductility index D: it sensibly increases for TS-glass
hybrid laminate. This is principally due to the decrease of
mechanical properties of glass reinforced laminate as a conse-
quence of hybridization: this is responsible for a sensitive
decrease of Ei, reflected by an increase of D (see results of static
flexural characterization in Table 5).

Table 1 Materials and stacking sequences of the composite laminates in which SMA superelastic wires have been embedded

Laminate  Material Stacking sequences Side views 

TS-glass Vinylester resin  

Glass fabric 
EE425 

Plain 5.5/6.3 

S

[0°,W,90°,W,

      0°,90°,0°]

TS-carb Vinylester resin  

Carbon fabric 
CC420 

Twill 2/2

S

[0°,W,90°,

      W,0°,90°]

W indicates the metallic wires

Table 2 Main mechanical characteristics of the composite laminates in which SMA wires have been embedded

Laminate code Fiber content, wt.% Thickness, mm E1, GPa E2, GPa e1, % e2, % r1, MPa r2, MPa

TS-glass 70 3 16.8 16.8 4.2 4.2 650 650
TS-carbon 70 3.2 32.5 32.5 2 2 530 530

Fig. 2 Schematization of sample geometry, positioning, and testing
procedure
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We can conclude that the impact energy is marginally
affected by SMA wires in the lay-up; however, to have a more
sensitive increase of impact energy, more wires have to be
embedded into the composite structures, even if this is not
technologically easy.

For this reason the samples were hit with less energy, for a
more general investigation of the effect of SMA hybridization
on composite damage tolerance. So the specimens did not break
with a single hit and they were repeatedly impacted up to
fracture.

In Fig. 6 the force-time (F-t) curves of impacts at energy
levels lower than 25 J are illustrated for non-hybrid (a-d),
SMA-hybrid (e-h), and steel-hybrid (i-l) TS-glass samples. In
this case, the hammer struck each sample only once and the
samples were preserved from additional strikes. As Fig. 6
shows, for SMA-hybrid samples up to 3.94 J, total elastic
deformations were observed (symmetrical F-t curves), while for
non-hybrid samples the energy value for the onset of visible
damages was lower (equal to 1.8 J). Even for steel-hybrid
samples the onset of visible damages was 3.94 J, but in this

Table 3 Damage sequence in Charpy laminate specimens under increasing low-velocity impacts

Stage I 

max iF F<

a

Stage II 

max iF F=

b

Stage III 

maxult iF F F> >

c

Stage IV 

maxult iF F F= >

d

Stage V 

maxultF F<

e
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case a higher sudden drop in F value was measured. Moreover,
hybrid samples reach higher Fmax and Fult values than non-
hybrid ones.

Starting from these first results, impact fatigue tests on
TS-glass samples have been carried out. The composite
samples were positioned on the sample holder and hit by
Charpy hammer repeatedly. The composite samples were
subjected to single impacts repeatedly up to fracture at each

impact energy level. In Fig. 7 the Fmax values during the fatigue
impact experiments on TS-glass specimens are reported for
0.8 J impact energy, and in Fig. 8 the impact fatigue curves are
shown. As Fig. 7 shows, embedding SMA wires increases the
damage tolerance of the composite laminate. In fact, SMA
samples fractured after nearly 1200 impacts, so much later than

Fig. 4 Average force and displacements impact curves for the three
types of specimens for TS-glass composite

Fig. 3 Peak load (Fmax) vs. repeated impact number curves during
the impact fatigue experiments

Table 4 Summary of the average impact energies to fracture not hybridized and steel and SMA hybridized samples and
ductility index values measured in Charpy tests

Laminate
Energy, J
No wires

Energy, J
Steel wires

Energy, J
SMA wires

D
No wires

D
Steel wires

D
SMA wires

TS-glass 8.7 8.3
�4.6%

8.8
+1%

1.1 1.4
+27%

1.5
+37%

TS-carbon 12 12.6
+5%

13.1
+9.2%

8.9 9.5
+2.5%

9.13
+2.5%

The increases are referred to the absorbed energy of the samples without metallic wires

Fig. 5 Average force and displacements impact curves for the three
types of specimens for TS-carbon composite

Table 5 Synthesis of static flexural characterization
results and evaluation of the changes in mechanical
properties of the composite due to hybridization

Laminate Ec, GPa er, % rr, MPa

TS-glass
No wires 16.8 4.2 650
Steel wires 17.8

+6%
4.2 541

–17%
SMA wires 15.5

�8%
4
�5%

513
–21%

TS-carbon
No wires 32.5 1.99 528
Steel wires 35

+7.7%
1.66
–16.6%

471
–10.8%

SMA wires 32.5
//

1.89
–5%

451
–15%

The increases are referred to the absorbed energy of the samples
without metallic wires
Ec = longitudinal flexural modulus, er = longitudinal flexural strain,
rr = longitudinal flexural strength
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non-hybrid samples, which fracture after about 500 impacts.
Instead, for steel hybrid samples, there is a worsening of fatigue
impact properties (fracture after about 170 impacts). Moreover,
for SMA-hybrid samples a lower ‘‘slope’’ in Fmax-N curve can
be observed.

This effect was observed for different impact energies, even
if it becomes less sensitive for higher energy levels. Moreover,
as for low energy levels, steel hybridization shows a negative
effect on the damage tolerance of TS-glass composite for higher
energy levels too. In Fig. 9 the results of fatigue impact
experiments have been reported for TS-glass and TS-glass
SMA specimens for 1.8, 2.43, and 3.14 J energy levels.

Finally, impact fatigue tests were performed on specimens
obtained from the carbon reinforced laminate: in Fig. 10 the
Fmax values during the fatigue impact experiments are reported

for 0.46 and 0.8 J impact energies. In this case, SMA influence
on the damage tolerance of the composite is negative: in fact,
for hybrid samples, there is no plateau region and fracture takes
place before non-hybrid sample. Instead, steel wires have a
little positive effect both on the slope curve and impacts
number; however, this effect is not so sensitive as for SMA
wires for TS-glass laminate.

5. Conclusions

In this work, the influence of hybridization by means of
SMA and steel wires on the damage tolerance of glass and
carbon fiber reinforced composites was investigated. Initially,

Fig. 6 Force-time (F-t) curves of impacts at energy levels lower than 25 J for non-hybrid (a-d), SMA-hybrid (e-h) and steel-hybrid (i-l) TS-
glass samples
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Fig. 7 Variations of Fmax vs. repeated impact number for non-
hybridized and steel and SMA hybridized samples during the impact
fatigue experiments (TS-glass laminate)

Fig. 8 Force-time (F-t) curves of impacts for 0.8 J energy level for non-hybridized and steel and SMA hybridized samples (TS-glass laminate)

Fig. 9 Variations of Fmax vs. repeated impact number during the
impact fatigue experiments for 1.8, 2.43, and 3.14 J impact energies
for steel and SMA hybridized samples (TS-glass laminate)
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the possibility to increase the energy to break standard Charpy
samples by SMA and steel hybridization was studied. By the
use of SMA hybridization a little increase of impact energy was
observed, while with steel wires the increase is absent or less
sensitive. This is probably due to the small amount of metallic
wires embedded into the composite structures. Further tests are
to be performed trying to increase the total amount of SMA
wires to be embedded.

Subsequently, the samples were repeatedly impacted with
less energy up to fracture, to investigate more generally the
damage tolerance of hybrid composite. As reported before,
SMA wires have a sensitive effect on the improving of the
damage tolerance of glass reinforced laminates, while they have
a worsening effect for carbon reinforced laminate. Steel wires
influence is bad for glass reinforced laminate, while they have a
little positive effect for carbon reinforced ones.

To understand these effects, it is to be considered that
embedding metallic wires into a composite structure implies the
introduction of an inhomogeneity. It is well known that
inhomogeneities have a great influence on laminate response
to cyclic loading, and that from behavioral standpoint, they
present a dichotomy (Ref 13). In many respects, they are the
most important factors contributing to the generally superior
resistance of laminated composite materials to fatigue damage
development, because they obstruct the crack growing. At the
same time, they are almost certainly the greatest contributing
factors in the initiation of damage at the micro-level. For these
reasons, SMA wires make glass reinforced laminates more
resistant to the growth of the cracks, thanks to their very good
effect on obstructing this growth. Instead, in carbon reinforced
laminates, they cause inhomogeneous deformations in the
material, since their modulus is very lower than carbon fiber
modulus and so they promote the cracks initiation. For the same
reason steel wires decrease the damage tolerance of glass
reinforced composites, because their higher modulus promote
the cracks initiation. This effect is inverted for carbon
reinforced laminates: the modulus of carbon fibers is higher
than the elastic modulus of SMAwires, while it is closer to the
steel modulus. However, in this case, the positive effect of steel

wires is less sensitive, because carbon laminates are generally
more resistant to the crack growth during cyclic loading.

Acknowledgments

This research has been completed in the framework of the
AVALON project, a European Commission Community Research
6th Framework Programme, Priority 3 NMP Project. The authors
would like to acknowledge Polynt for the supply of resins.

References

1. R. Stalmans, V. Michaud, J.E. Bidaux, R. Gotthardt, and J.A.E.
Manson, Adaptive Composites with Embedded Shape Memory Alloy
Wires, Proceedings of the 4th European Conference on Smart
Structures and Materials, G.R. Tomlinsonen and W.A. Bullough,
Eds. (Bristol, UK), Institute of Physics Publishing, 1998, p 801–804

2. C. Boller, Shape Memory Alloys – Their Challenge to Contribute to
Smart Structures, Annual Meeting of the Materials Research Society,
December 1999, Boston, USA (invited paper)

3. R. Stalmans, Adaptive Hybrid Composites with a Focus on the
Integration of Shape Memory Elements, Advances in Science and
Technology, 25, Smart Materials Systems, P. Vincenzini, Ed. (Faenza,
Italy), Techna, 1999, p 83–94 (invited lecture)

4. R. Stalmans, K. Tsoi, and J. Schrooten, The Transformational
Behaviour of Shape Memory Wires Embedded in a Composite Matrix,
Fifth European Conference on Smart Structures and Materials,
Proceedings of SPIE, Vol 4073, P.F. Gobin and C.M. Friend, Eds.,
2000, p 88–96

5. K. Tsoi, et al., Impact Damage Behavior of Shape Memory Alloy
Composites, Mater. Sci. Eng., 2003, 342(1–2), p 207–215

6. K.-t. Lau, et al., Low Velocity Impacts on Shape Memory Alloy
Stitched Composite Plates, Smart Mater. Struct., 2004, 13, p 364–370

7. S. John, and M. Hariri, Effect of Shape Memory Alloy Actuation on
the Dynamic Response of Polymeric Composite Plates, Compos. A:
Appl. Sci. Manuf., 2008, 39(5), p 769–776

8. S.M.R. Khalili, et al., Low-Velocity Impact Response of Active Thin
Walled Hybrid Composite Structures Embedded with SMA Wires,
Thin-Walled Struct., 2007, 45(9), p 799–808

9. S.M.R. Khalili, et al., Effect of Smart Stiffening Procedure on Low-
Velocity Impact Response of Smart Structures, J. Mater. Process.
Technol., 2007, 190(1–3), p 142–152

Fig. 10 Variations of Fmax vs. repeated impact number during the impact fatigue experiments for 0.46 and 0.8 J impact energies for non-
hybridized and steel and SMA hybridized samples (TS-carbon laminate)

Journal of Materials Engineering and Performance Volume 18(5–6) August 2009—529



10. R.-x. Zhang, et al., Mechanical Properties of Composites Filled with
SMA Particles and Short Fibers, Compos. Struct., 2007, 79(1), p 90–96

11. ASTM D256-06ae1 Standard Test Methods for Determining the Izod
Pendulum Impact Resistance of Plastics, 2006

12. ASTM D790 07e1 Standard Test Methods for Flexural Properties of
Unreinforced and Reinforced Plastics and Insulating Materials, 2007

13. S.R. Reid and G. Zhou, Impact Behaviour of Fibre-Reinforced
Composite Materials and Structures, Woodhead Publishing Ltd., 2000

14. K.L. Reifsnider, Fatigue of Composite Materials, Elsevier Science
Publishers B. V., 1991

15. M.O. Bora, and O. Coban, et al., On the Life Time Prediction of
Repeatedly Impacted Thermoplastic Matrix Composites, Mater. Des.,
2009, 30(1), p 145–153

16. O.S. David-West, et al., An Experimental Study of Damage Accumu-
lation in Balanced CFRP Laminates Due to Repeated Impact, Compos.
Struct., 2008, 83(3), p 247–258

530—Volume 18(5–6) August 2009 Journal of Materials Engineering and Performance


	Outline placeholder
	Abs1
	Sec1
	Sec2
	Sec3
	Sec4

	Sec5
	Sec6
	Sec7
	Ack
	Bib1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


