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Mechanical properties of superhard boron  
subnitride B13N2 

Microstructure and mechanical properties of bulk polycrystalline 
rhombohedral boron subnitride B13N2 synthesized by crystallization from the B–BN 
melt at 7 GPa have been systematically studied by micro- and nanoindentation, atomic 
force microscopy and scanning electron microscopy. The obtained data on hardness, 
elastic properties and fracture toughness clearly indicate that B13N2 belongs to a family 
of superhard phases and can be considered as a promising superabrasive or binder for 
cubic boron nitride. 
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Rhombohedral boron subnitride B13N2 has been recently 
synthesized by crystallization from the B–BN melt at 5 GPa [1–3]. The structure of 
B13N2 belongs to the R 3 m space group and represents a new structural type pro-
duced by the distorted B12 icosahedra linked together by N–B–N chains and inter-
icosahedral B–B bonds [1]. Boron subnitride is refractory (Tm = 2430(20) K at 
ambient pressure [4]) and low-compressible (B0 = 200(15) GPa [5]) phase similar 
to other boron-rich solids with structures related to α-rhombohedral boron (B6O, 
B4C, etc.). According to the predictions made in the framework of thermodynamic 
model of hardness [6, 7], B13N2 is expected to exhibit hardness of 40 GPa [8] 
comparable to that of commercial polycrystalline cubic boron nitride. Here we 
present the results of the comprehensive study of mechanical properties of B13N2 
boron subnitride. 

Well-sintered bulks of polycrystalline B13N2 have been synthesized in a toroid-
type apparatus with a specially designed high-temperature cell [9] at 7 GPa by 
quenching of B–BN melt from 2630 K in accordance with high-pressure phase 
diagram of the B–BN system [10]. Powders of crystalline β-rhombohedral boron 
(99 %, Alfa Aesar) and hexagonal graphite-like boron nitride (hBN) (99.8 %, 
Johnson Matthey GmbH) have been used as starting materials. The X-ray 
diffraction study (TEXT 3000 Inel, CuKα1 radiation) has shown that the recovered 
bulk samples contain well-crystallized B13N2 (a = 5.4585(8) Å, c = 12.253(2) Å), 
in mixture with cubic BN (10–15 vol %) due to the peritectic nature of the 

L + BN ⇄ B13N2 reaction [4, 10]. 
The recovered samples (cylinders 4-mm diameter and 3-mm height) were hot 

mounted in electrically conductive carbon-fiber reinforced resin, and were planar 
ground with 1200 grit SiC and subsequently polished with 9-μm and 1-μm dia-
mond suspensions, followed by super-finishing with 0.04-μm SiO2 colloidal solu-
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tion. Extensive duration of the super-finishing (~ 1.5 hour) and low process 
pressure (0.02 MPa) ensured the minimal mechanical damage to the material 
surface after final polishing.  

Microstructure of the polished samples have been studied by high-resolution 
scanning electron microscopy (SEM) using LEO/Zeiss 1560 microscope in 
secondary electron and InLens modes. SEM results indicate the presence of 
residual cubic BN (bright contrast) localized as individual inclusions (Fig. 1, a). 
The dimensions of the B13N2 phase pools vary from 50 to 200 µm. Close-up image 
of the boron subnitride region taken with an InLens detector shows that B13N2 is 
polycrystalline with the grain sizes of 50 to 600 nm (Fig. 1, b). 

 

 
a 

 
b 

Fig. 1. SEM overview of the sample microstructure (a) and an InLens close-up image of the 
region of pure B13N2 (b). 

 
Microindentation has been performed using the Ernst Leitz Wetzlar microhard-

ness tester under loads ranging from 0.25 to 6.0 N; at least, five indentations have 
been made at each load. The indent sizes were measured with a Leica DMRME 
optical microscope under 1000× magnification in the phase contrast regime. 
Vickers hardness (HV) was determined from the residual imprint upon indentation 
and was calculated following the standard definitions according to Eq. 1: 
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where P and d are the applied load and residual imprint diagonal, respectively. The 
value of Knoop hardness (HK) was determined by Eq. 2: 
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where P is the applied load and d is the length of a large diagonal of an indent.  
Vickers hardness measurements have shown that the calculated microhardness 

abruptly decreases with the load and reaches the asymptotic value of 
HV = 41(2) GPa already at a load of 1 N (Fig. 2, a). The experimental Vickers 
hardness of B13N2 is in an excellent agreement with the value previously calculated 
in the framework of the thermodynamic model of hardness [8], and is comparable 
to the hardness of commercial polycrystalline cubic boron nitride. The load 
dependence of calculated Knoop hardness is presented in Fig. 2, b; the asymptotic 
hardness value is HK = 32(1) GPa.  

Nanoindentation study has been performed on Micro Materials NanoTest Van-
tage system with trigonal Berkovich diamond indenter (the tip radius of 120 nm). 
The maximal applied load was 500 mN. Loading at the rate of 0.5 mN/s was 
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followed by a 10 s holding and unloading at the same rate. AFM microscope 
Dimension 3100 (Digital Instruments) in tapping mode was used on 
nanoindentation imprints for pile-up correction. Figure 3 shows a characteristic 
load-displacement curve for bulk B13N2. 
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Fig. 2. Vickers (a) and Knoop (b) microhardness of bulk boron subnitride B13N2 vs load. Insets: 
optical microscope images of the indents formed by Vickers and Knoop indenters under loads of 
6 and 3 N, respectively. 
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Fig. 3. Characteristic load-displacement curve for bulk boron subnitride B13N2. Inset: an optical 
microscope image of the indent formed by Berkovich indenter under load of 500 mN. 

 
Evaluation of the hardness and elastic modulus was performed in accordance to 

the Oliver-Pharr method [11]. The hardness of the sample was determined by 
Eq. 3: 

( )c
N hA

P
H max= ,     (3) 

where Pmax is the maximum applied load and A(hc) is the projected contact area. 
The area function A(hc) was calibrated on a standard fused silica reference sample. 
Correction of the area function for the pile-up effects was based on the indent 
topography data obtained on the actual samples by atomic force microscopy.  

From 7 independent nanoindentation experiments the nanohardness of B13N2 
was found to be HN = 36(2) GPa that is in a good agreement with our 
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microhardness data. The elastic recovery of B13N2 was determined as the ratio of 
elastic work to the total work of the indentation by Eq. 4:  
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where Wp and We are plastic and elastic works, respectively. From experimentally 
found values Wp = 77(9) nJ and We = 97(1) nJ the elastic recovery RW has been 
estimated as 55(6) % which is slightly lower than that of single-crystal cubic BN 
(60 % [12]). 

Reduced modulus Er was determined from stiffness measurements that are 
governed by elastic properties of the sample and diamond indenter via Eq. 5: 
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where Es, Ei are Young’s moduli and νs, νi are Poisson’s ratios of the sample and 
indenter, respectively. The elastic modulus of the material hence can be calculated 
for known properties of diamond (Ei = 1141 GPa and vi = 0.07 [11]) and Poisson’s 
ratio of the sample. The Young’s modulus of E = 515(16) GPa was calculated by 
Eq. 5 using the experimental Er = 365(8) GPa value (data from 7 independent 
nanoindentation experiments) under the assumption that Poisson’s ratio of B13N2 is 
equal to ν = 0.23 (theoretically predicted using the Voigt-Reuss-Hill approach 
[13]). The variation of ν over the 0.16–0.28 range results in variation of E-value 
from 530 to 501 GPa which is within the experimental error of Young’s modulus 
evaluation from the present set of nanoindentation data. This allows the conclusion 
that the theoretically predicted Young’s modulus value (387 GPa [13]) is strongly 
underestimated. 

Using the relation between Young’s (E) and shear (G) moduli for an isotropic 
material 

( )ν+
=

12

E
G      (6) 

and Poisson’s ratio ν = 0.23 [13], the shear modulus of B13N2 was evaluated as 
G = 209(6) GPa which is significantly higher than the theoretically predicted 
values (157 GPa [13] and 162 GPa [14]). 

The fracture toughness (KIc) was studied with an Ernst Leitz Wetzlar 
microhardness tester using a Vickers diamond indenter under 6 N load. The lengths 
of radial cracks emanating from the indent corners were measured in polarized 
light with Alicona InfiniteFocus 3D optical microscope under 1000× 
magnification. The value of KIc, was determined in terms of the indentation load P 
and the mean length (surface tip-to-tip length 2c) of the radial cracks according to 
Eq. 7 [15]: 

KIc = xv(E/HV)0.5(P/c1.5),    (7) 

where xv = 0.016(4), E is Young’s modulus and HV is load-independent Vickers 
hardness. The average fracture toughness of B13N2 has been estimated as 
KIc = 1.9(4) MPa·m0.5 which is 33 % lower than the 2.8 MPa·m0.5 value for single-
crystal cBN [16]. As the crack lengths (25–40 μm) are much longer than the grains 
(Fig. 4), the KIc value is a characteristic of the bulk B13N2 material as a whole. 
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Fig. 4. Optical microscope image of the radial crack system in polycrystalline B13N2 under inden-
tation fracture toughness test at 6-N load; width of field is 65 μm. 

 
The data on mechanical and elastic properties of B13N2 are summarized in the 

table. Due to high hardness and elastic recovery as well as high thermal stability, 
oxidation resistance and adhesion to boron nitride, rhombohedral boron subnitride 
B13N2 offers promise as a potential superabrasive or binder for cubic boron nitride. 

Hardness, elastic moduli, and fracture toughness of superhard boron 
nitrides 

HV HK HN E G B KIc  
GPa MPa·m0.5 

B13N2 41(2) 32(1) 37(1) 515(16) 209(6) 200 [5] 1.9(4) 

cubic BN 62a 44a 55a 909b 409 [17] 397 [18] 2.8 [16] 
a Single crystal, (111) face [12];  
b Polycrystalline material [12]. 
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Мікроструктура та механічні властивості об’ємного полікристалічно-

го ромбоедричного субнітриду бору B13N2, синтезованого кристалізацією з розплаву B–BN 
при 7 ГПа, було систематично вивчено методом мікро- та наноіндентування, атомно-
силової мікроскопії та скануючої електронної мікроскопії. Отримані дані про твердість, 
еластичні властивості та в’язкість руйнування чітко вказують на те, що B13N2 нале-
жить до сімейства надтвердих фаз і може розглядатися як перспективний суперабразив 
або зв’язуючий матеріал для кубічного нітриду бору. 

Ключові слова: субнітрид бору, твердість, модулі пружності, в’яз-
кість руйнування. 

 
Микроструктура и механические свойства объемного поликристалли-

ческого ромбоэдрического субнитрида бора B13N2, синтезированного кристаллизацией из 
расплава B–BN при 7 ГПа, были систематически изучены методом микро- и наноинден-
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тирования, атомно-силовой микроскопии и сканирующей электронной микроскопии. По-
лученные данные о твердости, упругих свойствах и вязкости разрушения ясно показыва-
ют, что B13N2 принадлежит к семейству сверхтвердых фаз и может рассматриваться 
как перспективный суперабразив или связующее для кубического нитрида бора. 

Ключевые слова: субнитрид бора, твердость, модули упругости, вяз-
кость разрушения. 
 
1. Kurakevych O. O., Solozhenko V. L. Rhombohedral boron subnitride, B13N2, by X-ray powder 

diffraction // Acta Cryst. C. – 2007. – 63, N 9. – P. i80–i82. 
2. Solozhenko V. L., Kurakevych O. O. New boron subnitride B13N2: HP-HT synthesis, structure 

and equation of state // J. Phys. Conf. Ser. – 2008. – 121, art. 062001 (1–7). 
3. Solozhenko V. L., Kurakevych O. O. Chemical interaction in the B–BN system at high pres-

sures and temperatures. Synthesis of novel boron subnitrides // J. Solid State Chem. – 2009. – 
182, N 6. – P. 1359–1364. 

4. Solozhenko V. L., Mukhanov V. A. On melting of boron subnitride B13N2 under pressure // 
J. Superhard Mater. – 2017. – 39, N 2. – P. 147–148. 

5. Kurakevych O. O., Solozhenko V. L. 300-K equation of state of rhombohedral boron subni-
tride, B13N2 // Solid State Comm., 2009, 149, N 47–48, pp. 2169–217. 

6. Mukhanov V. A., Kurakevych O. O., Solozhenko V. L. The interrelation between hardness and 
compressibility of substances and their structure and thermodynamic properties // 
J. Superhard Mater. – 2008. – 30, N 6. – P. 368–378. 

7. Mukhanov V. A., Kurakevych O. O., Solozhenko V. L. Thermodynamic aspects of materials’ 
hardness: prediction of novel superhard high-pressure phases // High Pressure Res. – 2008. – 
28, N 4. – P. 531–537. 

8. Mukhanov V. A., Kurakevych O. O., Solozhenko V. L. Thermodynamic model of hardness: 
Particular case of boron-rich solids // J. Superhard Mater. – 2010. – 32, N 3. – P. 167–176. 

9. Mukhanov V. A., Sokolov P. S., Solozhenko V. L. On melting of B4C boron carbide under 
pressure // Ibid. – 2012. – 34, N 3. – P. 211–213. 

10. Solozhenko V. L., Kurakevych O. O., Turkevich V. Z., Turkevich D. V. Phase diagram of the 
B–BN system at 5 GPa // J. Phys. Chem. B. – 2010. – 114, N 17. – P. 5819–5822. 

11. Oliver W. C., Pharr G. M. An improved technique for determining hardness and elastic 
modulus using load and displacement sensing indentation experiment // J. Mater. Res. – 
1992. – 7, N 6. – P. 1564–1583. 

12. Solozhenko V. L., Dub S. N., Novikov N. V. Mechanical properties of cubic BC2N, a new 
superhard phase // Diamond Relat. Mater. – 2001. – 10, N 12. – P. 2228–2231. 

13. Ektarawong A., Simak S. I., Alling B. Thermodynamic stability and properties of boron sub-
nitrides from first principles // Phys. Rev. B. – 2017. – 95, art. 064206. 

14. Gou H., Zhang J., Gao F. First-principles calculations of boron-rich compounds of B13N2 
and B12C2X (X = Si, Ge) // J. Phys.: Cond. Matter. – 2008. – 20, art. 505211. 

15. Anstis G. R., Chantikul P., Lawn B. R., Marshall D. B. A critical evaluation of indentation 
techniques for measuring fracture toughness: I. Direct crack measurements // J. Amer. Ce-
ram. Soc. – 1981. – 64, N 9. – P. 533–538. 

16. Brookes C. A. The mechanical properties of cubic boron nitride // Proc. Int. Conf. on the 
Science of Hard Materials, 1986. – P. 207–220. 

17. Teter D. M. Computational alchemy: The search for new superhard materials // MRS Bulle-
tin. – 1998. – 23, N 1. – P. 22–27. 

18. Datchi F., Dewaele A., Le Godec Y., Loubeyre P. Equation of state of cubic boron nitride at 
high pressures and temperatures // Phys. Rev. B. – 2007. – 75, art. 214104. 

 
Received 05.10.17 



<<
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 false
  /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

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS ()
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


