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6535900l Jogdols bsbmbGHMIEGHMOmwo dymdsmgmdom. sdol doBgbo 3o obos,
md  656m3M0LEHIWMOHO  73b3bowgdol  3mB35dBH0MGOL s Fggbmdols b sbEsgL
dsM33ol 0bFgbloGmo BMs - 3OmEglo, MMIgmoi Lslvymzger 6s5BmIMOLEIME
daM3s6mgmdsdo  BsdBsol domgdol bsgars byl Mfymdl  dob hggergdcmog
3M0LEGHE IEAMTIOIMOST0 GMOT0MJIL. JOMOMSEO IJNMEIJO0 BobMIGMOLE MmO
dobogngdol  doegdols  sMoL  dgdga0:  M9MIMo  Lobmgbo, Lobmgbo dsGogrob
Boewmmddo, 30OHMmMgOHIMwo Lobmgbo, bDmw-ggw Lobmgbo. yzgws gl Igomo
399009496905 656M3M0OLEIMMMHO BH360dOL JoLOwgdsE. dMmEMm EOML F90v)dsz0s
dogwo ®ogo sbowo dgomgdo BH360wdoL 3MA3sdGHoMgdols 8330030 dsLoMEGo
B9bm3MoLEHIMOHO ToLoergdols Jobowgds. FoLoGmO b5dBoIdol Jowgds LsFoMmgdls
900900 Bbm3MOLEIMOO  Bb3zbowgdol  3mB3sdBHoMgdsly  @s  Fgabmdsl. gL
3MMmEgLO 5353806090 ME0s  Bge MOy 3OHMdEIGOmMb.  dsboemo  Bsdbool
doloegdo  sOLYOMEo  BEBIOEHWMWO TJnMmEIo0s: (30350 HBgb3s Tgdamado
d93bmdom; Ebws ©ihbgbgzs; dosmoero (bgzom Tgbmds; gargdBHe™m  2s6dmbEHz0m
d93bmds; Im3Mm0  GHowmom dggbmds s 2obmbEIGH0m Fggbmds. Aspbodbwmwo
d900™m©gdoL BMdgbg IMozsds 30356050 O9RgRTMS @O s5gM LbZoolbgs Lobol
©56509M0: 3bero sfibgbgol 2400°C, dsduodscrm®o (16935 40MPa (1000A, Thermal
Technology INC., USA ); 8505¢0-399396M5@10me0o 465530@0b ©0mdgero, dsgbodswrvy®o
H9939Mo@GMMs 2400° C, GIgedoi goo3sobfjobgdmmos dmfigss (1000-4560-FP20,
Thermal Technology INC., USA ); naperwklovan 3ensHd«6o Lobomgbol sbsgsto (b3L),
35gJbodoE Mo 39d396Mo@es 2000°C, dogdlodsGO oG30Mm™M3s 20000 kN (Dr Sinter
2050, Sumitomo Coal Mining Co., Ltd, Japan ); 80360 @sw0mMo 993bmdol sbsysto, 6
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kW 828500l 2.45 GHz-%g (S6G Cober Electronics Inc., USA ) @5 5.9. 53 89000200900b5 5
d9L50530b0  bgebofgml  25dmygqbgds 96  SMOL  9ngdBHOO 306506  Fotzz5w0
063 9bLoEMs© 0BMHYds, Mog 0393l Laliy®zgero bIBMLEHOWMIEOHOL BsTmyser0dgdols
Bogawo© 3999 gdmogz0o LEHMYIEHMMOL Jogdsl. gOHo-ghmo b JsM33ol BOHEOL
3MM39LOL 530006 530gdoLs GOl Bbgbowdo 0630d0GHMMGIOL ©ITsBHNds, MwYdEs
mbs  00g3oL, MMd gl 9O OOl Lom3zgoglem  s®BY3560, 3065006  Fbzbools
©539340s69058  Jglodgrms  godmofgoml  Asbogrol 9935 gbermdol (330 gds:
B56m3M0LEGHIWMOMBS  FguodErmd  goddxmdglgdl  Asloerol  30l9dgdL,  FogMyd
063000@3HMmMm900lL  ©sd53HJ0s ¥ LKzl Tom. sFo@GHm™d, bsbMIOOLEIMHMOOL
99650B1bqd00 0bL30MHOMYdIMO M30LgdOOL AIBOS 96O sGOL obgmo 9BIJGHMEO,
OMAMO03 ML mEbyero ogm.

9d0b9gs3500 030y, O™ 30350 Hbgbs s Fgdmdo gEbmds 396 MBEOMBIgEymaL
B56m3M0LEGHIMEOHO FoLoergdol Fowgdsl, GHgdbmmwmyool 93mbmdomGmmdol 4sdm HdoGms
0005005396 59 990MEL Loy s3dbg Asboegdol Fo®gdol OMU. sdoG™ad 13M0s6o 04b69ds

50 3900MEOL YROM IYEHIYOHS© dodmbogngs.

L5g4M39 MM (36Md00s Boero Fgbsbmdgdol Jowgdol bEsbsM GO &Hgdbmemyos
1b360ms 9B MMA00l dgmMmEOL 2sdmyggbgdom. 1dgdo@ms 00 AsdMBsbmeos
b6.14-Bg. 35(00EME0 3m33Mbg6EJO0 s T935353806M90g0 dg@swgdol Bbgbowgdo
96935  9OHMTBINL @O 9853MMMWIE 083905 dMONMEgo0sh  olidzowdo b
SGHMOGHM®MJ0.  H3OH0ToMEm3bgdol 063 BLOgGOZsE00LsM30L  094gbgdgh Lombols
39099mb 9gebmeobl, 539EH™bol 96 B396Bobol, 0dz305ms@ 30 OLEBHOW0MIdIMO [yerob
Lboom. M53m©9bodg 5090 Losmol sxd30L 99wy 0MgdrIen ool SIOMdIB, (3005,
w9396  3oLGHOR0ZOGHMOL.  53Do©YdID  M0bMagdl, [bgboggbh bsdbogol  fbgb-
450089030  53bMmd9b Fomon3H9a39Mo@ e figodsob sb 3539936 vdgergddo.

|Manu‘acturiru Frocess of Cemented Carbide and C’oathgsh

Feaee Maternk

1400°C, invacuom

=TT T,
Snterrg Grinding

L. 14, Loewo J9bobmdgdols Ho@mdmgdol LEHbIOGH Mo FH9dbmemmyos 053mbmeo
30035605 Sumitomo Electronic dobggoom.
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3OBYOMBOL FMSZIWO EOMMIBHMOONWO S Boffo®dmm EBsAIMJOO (30350 HBgbOLS
5 390mdo Jgsbmdol BHgdbmemyom®o 3MmEglbol goblobm®MiEogumgdws. e, 15-
g 653969005  Lofgol  3mB3mbgbBHms  Fgeg30Ls  ©@d  ©oxkd30L  FMFYMBOEMdS
00 m3560 folidzowol babom. {oliggowol sdmbsgo s dOHmMMEgdo gMHbgmeos
00 35bo¢rols Jobggz0m MMIWOL 8353 F080bIMYMBL. ox8d30L bobaMdwogmds 48-
72 B>l 8950096L. folidzowdo sbogroms axndzs 9Lsdegdgwros Bobmbmdgdsdwy.

L. 15 . Loho®dmM B0T69dOL dBMNMEgd0sbo folidgzowo.

©53930L 99992 bgds 300gdwo FsLol 2sdMMds, 3esLEGHO0R0IGHMMOL geMg3s O
3mOHI0MGIS 1393056 (Bgb-g4oe0d9dT0. MOI0MYIOLIMZOL odM0Ygbgds bLbgzoolbgs
G030 {ibgbgdo. Homdmgdol 0bEgblogozsgoolsmzol dglodwgdgwros (Bgb-s3@™Mds@gdol
3990myggbgdsiz. L. 16-Bg 6563969000 BMOI0OIOOLIMZOL gob3mmzgbowo goo-ghmo
Lobob (bgbo.

bmé. 16 . 30350 sbgbzol §bgb-s3@mds@o.
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3mOIoOYIMwo  BsdBsgdo  LoFoMmmgdl  Fgdamd  dggbmdol.  Fgbmdolsmzol
399Mm0ygbgds  bbgolobgs GHodolb ©Mdgwgdo. mdlowemo  396Msdozol  dgLsgbmdso
390009g9b9ds BoMBH030 GH030L  Foo3H9d3gMed o  ¥gdgergdo, MHMIWGdOE oM
Lo FoMMgdgb 139300 H oMgdmUL. 39MHd0IE0 FoLoergdol Jglobmdszo LsFo®mms
39399099M0 56 Gglodsdolo  s0M0sbo  (lyoedoo, sBmEo 96 0bgdGMwo  s060)
©Mdgegdo.  b©.17-Bg  BsB396gd0s  s06MOL  Q96gdmosbo  Lbgoolbgs  GHodob

950599395 IOI0o 09dgargdo, beem bmE@.18-Bg 30 3532930 VFgEro.

L. 18. 35380 Jgbmdol Jo0owEgddgesdIOHIo VIgeo.
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5MLgdMBAL  B9dbmemyomo  3GMmEglo, MMmEILsg  dgLedErgdY0s  JOHMOOMMES®
dmbgll  65dbosol  BMOIoMYds >  Fgabmds. 98 3OM39LYdT0  49dMYgbgde
©56509M90d0 BsdBsEId0 bMgds 96 bmdmddo MdMewm© gargdGHOIEoEgbol
3939609000 56 316399430900 2Bom, LosE 2oFobMMGOMsE FoOEEgd3gMoEHIOHIO
3sLoegd0 A5dM0Ygbgds. sgmo IMFYMdOEIMBOL JMMIOMO GHodo bsBz9bgdos LmE. 19-Bg.

L. 19. 3bero sfiBgbols dmfymdogomds.

090U 59m, ®Md dgabmodol 3MMm3gLo Ls3domE bobyMmdwogz0s, MHMYMEE M339 930bodbgm,
B90mm obbowmwo #Hgdbmewmyos 396 0dwgzs bsBMAsLoEgdol Jowgdol LodwoEgdsl,
05658 3065056  93mbmdomEos  Lbbgs  8g0mYdMsb  FgsMgdom,  HBA0MS@YS
3990yg9gbgdeo dsLom® Hoemdmgdsdo.

656mBsLoerols Jobomgds. FoME3w0l BOOL 3MMEgLOL 1306 530 YdOLIMZ0L
LoFoMmMs Fg3bmdol 3MME9LYdOL FsOMZs oM339MEhoo 9BV OM™To. 5J
3ol M95¢00B300 Tgbodegdg0s I6sAMT0, GMIgoi 9uwdbgds 6539MF 39w
3oHdMmo LobmgBol (SPS, b3L) dgomEl. 99mm©o 9sMgdom sbsEos s dobo
3990g9bgds d90dgds 0360 oldgdlwmwo 30360mLEGMwYd GOl 9gmbg
3033mboEowm®mo  sboergdol in situ oLLMYdSE © Fomo  LobmgboMgdolsmzol.
dombgogo 0doby, MHm3 339 990v9deggdMo @S 93gdMYos  B3L  dgormby
583196900 LOHoMmBMM IBsRIMYO0, BODBOZMNOO sOLO B0dEobstg 3OHMEgLYdOLS
X9O 300093 9655 dMMmI©Y bsngwo. s30FEHMT, ym39w0o sbowo dsbogrol Jowgdolsl 53
56500l 459mygbgdom, 99360960900 3303 4obogMdMmdgb dgbmdol dgommegdols

d9LPogamsbs.
SPS  dmfigmdomds (1996.20) ©3OMIJBHJOIMWO 0Ym @O ©IFBsEs B3gbl dogM,

bogdomaggermb $ggbogamo gbogg®loGadol LHHIIOIOIW 33wggoms GILIIBLOIY
396@&®380. 3mfymdomds o300 IMbs39d9000m 56 BsFMmM35M09ds sbsEmyom®
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o, EEw YT w

1. Hydraulic jack holder

— e 2. Mount
:_‘.‘.‘.’.l.l.‘.l. 3. Hydraulic jack
B ] T ol
e ——— 5. Insulator

6. Exciter

T a— 7. Current input
S S 8. Work chamber

T — 9. Graphite die.
10. Hydro system
11. Transformer
12. Rectifier
13. 14, Filter
15. Switch
16. Feeding unit

Um@.20. SPS  8mfymdormds  ©a36MmgdBHgdmwo s ©sdBogdmwo  Bggbl  dogo,

Bogdodmggrmb ¢9dbozmn®o boggmLodgGol LEMIGHTOV 333505 HYL3BWOINO
395GH®do.

053696 dMMIEGMOO0 50 LA 53MOL IMFYMdOEMdSL “Doctor Synter 20507
(SPS SYNTEX INC, Kanagava, Japan), 6®Hmdgwog 653969005 Lw®.21-%g. doModoom,
3530J6Mdm B39l Im{igmdomdsls 456339990 130M5GJLMd3 30 J99Bb0S.

Spark Plasma Sintering
(SP5-2050)

Sintering temperature (max 20000C)
Current (max 3000 A)
Applied pressure (max 2000Pa)

Heating rate (max 6000C/min)

bm6.21. 05360 SPS dmfymdowmds “Doctor Synter 2050”.

O 3900MEAo 053mbMMH0 33356008 2oy Lbgs 3m33560900s3 (Suzhou GenFu
Vacuum Technology Co.,Ltd., Suzhou City China, EasyFashion Industry, Changsha, Hunan,
China, Thermal Technology LLC, Santa Rosa, CA, USA) @50{ygls SPS dm{jgymdogmdqdol
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o60mgds. oo 3MFsmdol  3G0bEo3o  Sbswmyom©mos  053mbMGols.  g3zgams
dmfymodommdsdo  gsdmoygqbgds  dmdogzo  3MEboMgdso  ©gbo. gl 296M98Mmgds
3990399905 0800 O™ dbgE0s 33w ©Ibol dosmmgzs. B3gbl JogH dmdgdboer odbos
50 3OMOGIoL oM G035 ooFMHoL gbo.  Bz9bL dmfigmdomdsdo gsdmygbgdmeos
399bo®gdso d1dogzo ©gbo. ©abol LobdoMmol (3Eowgds dglsdergdgeros 1-400
396 350009. $39605 Fobslifo®ds godm33w9390ds 330h3969L, GMI dgEbmdol mMOL 3093
Ma3Om 9993060905 ©5 SPS 30Mm3qLol  9339dGHO™MdOL  goBGmEs Fqladwrgdguos 0¥y
390008030 399lo®gds0 ©EIHoL boa3zws 25dm30949bgdm 33wo 3MYlo®mgds ©IbL.
33190 3990 9ds0 ©IboL godmygbgdom, B39l SPS s 053mbmE dmfiymdowmdsdo
5055050  299mygbgdmo  Mgg00gdol  MgooHgdss  FgLodergdgwo.  (33¢POO
3990695000 ©YHOL 459mygbgdolsls dmbsermbgwro 9539J@IOMdOL gobMs 99090
AmlboBMgdomo3 Igbodergdgeros s3blbsm. GMmym®E 3bmdowos SPS 3Gmiglol MU
13636000l 65Jos3gdl ImMol bs3gmfzsol Fomdmdabols bgwl »Hgmdl bsfows3zgdol
B993060Dg 9OLYdMEo J0bs6g3900 s 23Hgdo. FMTogzo  3MELoMGdSO  ©Ibol
39300l MO0 dgBmdgo 65Hows30b gPmo 3ommEL FoMdmowyqbl dgmeg 3o
bm©L. 9gdBHO™bgdol 6535000l Fgddbs s HBYLIZ0MHIO sMEMJEds JOMHOM IO
dbmwm gomo Boffowszol Bgsd0Mm0Esb Imbgds. 33wso 3MEloGmgdso oL
3990yggbgdols 990mbgg35d0 30 306506 oMo @S BMPO SPGB F90(33¢05b,
M6039  65Hows3gdol  Bgedo®mgdo  8000gdgb  Imbofiorgmdsl 53  3GmigLdo.
999dGH®MbMo bs3500, 0o30lL IbMH0g 0()393L 0MboBIEoL s Ho®dmddbor 0mbgdmsb
9Omo© byl  Mfygmdl  Bo3gMh3owol  GoMdmddbol o 3gsBINGo  3BM39L9dOL
39630056M905L. (3b50s (33O ©Ibol Jgdmbggzsdo W sHBIMMO 3MM(39LYd0 MBOM
UP60x8Y©, 9839IGHWIOI© ©5 LEHVOWMMI© wbs FoM0TsMmMMmL.  dmEgMbobsigool
099099, B396L Joge 8993539099 SPS 3mfymdomdsll 9d69ds Lodwoggds 0ddsmls
OMAMOE (33K 1939 89©d030 3loMmYdEO Yool Mgsg0ddo. 538 MmO Mgg0dom
LobmgHBoMmGOMo  bbgolbgs  3mA3mbogommo  Foboergdol  33arg3s LTS gdL
9ma3399L 3oLobs© ©350P0bMm BMIgEo dgo™MEos MBOM bgwlisgbgwo. sG39OHD
5J98g MUY B339OHIOMO  3EoBINOO  LOBMGHOL  IBIYIGTo 5O HGOL
399my9690wo (33e0@0 (3063060 S ©934) 083 lymo gbo. Jobgsgzsw 0dobs,
O 5OLYIMOYD sbgmo GHo3ol ©gboll dmdigdo 33990l derm3zgdo. gl 33900L dEPM3HdO
3990yggbgdsly  ge9d@BH®mdodosdo, 39MdmE  Lbbgsolbgs  IgGHowms  35e35606MH9d0LsL
3)MObL. 533505 SLgMO B30l 339008 derm3zol Tgdgbs dmaz39dL Lodwogdsl
65390356 3 5DIMMH0 LObMYHOL IMYMdOW MBS MZOLMIMOZ5® YO 3JTbsM, B3
05308 dbM0g Imy3:399L LEFMSEGOSL F0300M sbowo BHo3ol FsbomEo bsbmAslsergdo,
OMIJms J0Egds3 9658900MM3g FMfYmdoMdgdOL Lodmewgdoo dgmdergdgeros. SPS
3mfymdomdol dgdomdol ggds, SPS SYNTEX INC dobggom, 6563969000 Lwm®.22a-%yg.
3505wo LoEOEOL dJmby 3MwwloMmgdso d9Ioz0 ©Ybo oOL AMIBoEOL {bgb-
45¢0003do dmmogligdme 13b3bowdo. bgbowdo godsgswro gbo Jabol M3l gbgbogrols
Boffoems3zgol dmeol Mog 0f393L 3w sBIMNMO3OHMEgboLs s  bofoszgdl  dmeob
d93bmdol 3OrmEgLoL sfyqdsl (byE. 22b). G350 Bsfos3gdol Bgodocmgdl dmGol
0436905 Ibmwm© OHMOoL 330609 dmbs3390d0 00l godm H™A Lobdomg 399loMgdIEO
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1 9 EC P
Pulse AN \
current | ——— Powder i Y
']
L] A 4 4 \
o \" Il.r 3
1 |
JI I it 1 1
<} IDisplacement \-:__ 4 _._ - L
e ‘._I f ‘..I
Q \ s 41 b
I Graphite Punch __ ¥ i\ ’_.-'__f" Y
AN _ | |
Graphite Die I ] / rd | -
e P b
? Vacuum Chambes
&®
Pressure

Um6.22. 6539030356 3esBIMHo Lobmgbol sbsAMOL (a) s TYsbmdol 3GmEglol
(b) bdgdsB Mo Lobg: PDC — 3elio6gdso gbols Hgotrm, S - 3bgbowro, P- @s@zo0mas,
GD -gcm5x3030lL (bgb-gowwodo, EC - gwgddHOmwo ©gbo, s - bsdgdfzowo, sp -
653960 350-3esBHas, p — bofowszo.

©9bobs Fose0s. g 3069 39H0MPO LOHY0sE b535MHOLos 0JoLbM30L, Brmd Fgoddbsls
35050 3$9339M0GHMS S Fgbodsdobo HoMmodsMmml Fgbmdol 3MMm3glo, Boa®sd 56
5oL Bs3056M0L0 0dobmzol, MHMI gl FHgd3gMsGHMS 3930EIEIL BobmIHOLEHIME
Boffoes3godo o sfoml oo Ggd3gce@®s.  s30@GHMdss, MM donrosbo  Fsbols
A9939M5@MMS ™RGOS B0 S byl 56 MFymdlL FomE3wrol BOHEOL 3MMm39LgdL,
35806 HM35 bsfos3gdol BgwadoOms dgbgdols figd@owgddo 3gd3gMsd s LOHIX0s©
153056005 dgbmdol 3MM(39L9d0L FoMlsdsMmms@. bv@M.23-Bg 6583969305 053mbYGO
dmfgmdowmdsdo  2o0mygbgdmmo  3Mwlo®mgdso  dMdogzo ©Ibol  BmODs.
399bo®gdso ©gboll LobdoMy dvdogzos s ssbemgdom 300 3gGEL dgogbl.
0339lgdl dmeol  3gMomeo 3.3 )Hd Fgoaqbl. 9100l (3300 gds  053MbME
mfymodomdsdo dgLlodergdgeros 0d39ligdol GoEbgzobs s 357 Bol MsbsgsMMdOL
330 gdoom, mwdzs obobo dbmemme 12 0d3wmwlo 2 357Bs  056sRIOEMOSL

0y9b6999b.

BT o i aOmg | TBREbhs | pmeasan)

onrad/s,

T i

196.23. 053mbmE SPS dmfymdommdol 3ebo®gdso dwdogo gbol (Pulse DC)
RO,
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b6.24-Bg 65B3969305 B39BL Im{iymdoMmdsdo 459mygbgdmeo 3wlioMgdso d9dogo
@960l gmE®Ts. ©gboll LobJoMOL  (3300wds  Tgbodegdgos  1-400 396 EsdY.
dogdlodscrmMo LobdoMolb Fgdmbgzggzsdo 3gMompol booy 2.5 8f0 9o gbl (bwe. 24a).
©9bob boadwogmds (t) 39M0om©do (T) 9godagds 3335wmo 1-99 % BoMawgddo (L.
24b). 6 Bggbl dmfgmdomdsdo dglodwgdgeros gs8m3094gbmm  5M63)ELoMYOSEO
909008030 ©9bos 30 (L. 24c). ©gbols LobdoMol (5649 T 39MH0Mm©OL) s t/T GsOHPMOOL

2.5 850 a T b c
t

| (] (]

[ |

(rry 4 4

b6.24. 9993539090 SPS dmfigmdomdsdo godmygbgdwo ©gbol gm®ds: a- 400
39630 Lobdo®ol M™L, b- Ubgsslbgs Lobdo®ol (T), o3mwbol Lbgsobgs
bobaMdogmdol  (t) o  3o9Bol  bbgosbbgs  bobydwogmdol (T-t) ©@OML, c-
36531 L0MJd50 39d030 Ibol OHMU.

330930l 15dw)segd00 TgbodErgdE0s BIMMM OS35HMbT0 3335 Mo FobdOEsmMS
do0qdoL ©9:509900 S F930LHogwmm Fom0 gogwgbs Jowgdvgen JslvEsms M30LgdgdBY.
B39bL SPS 9m{imdomdsdo slggg sOol 15FsEgds 80300Mmm BMLEHIE ol Mgx0d0s,
OMIgwog Moo HgOIMwos  053mbME  Im{gmdowmdsdo.  s3Mods  Bggbo  SPS
Amfymdommdsll  Mg0dms 39006090l MBOM  RFoOOM  9MGoo  qooBbos.  B39b6ds
§0oboLfoMTs 499m 330939035 33063969, MHMA FgbmdOl MHMOL 30093 WRO™ T9d306M9ds
@5 SPS 30m39L0L 9839JGMO®dOL gobMs glodegdgeos 049 3998030 3IXLOMIGOSOO
©9bol Bs33ws© #odm3094gbgdm (33ee@ 3MELoGMYds© ©IbL (bmE. 25a). (33O
399095000 ©9bol 45dmygbgdom, B396L SPS o 053mbx6 dmfiymdowrmdsdo 595505
3990y9gbgdmwo Mgsg09900L  MgooBgds dglodwrgdguros dglodsdols  LwE.25b s
Ub6.25c  65B396900 @gboll B30l Jobg3zom. (E3WO  3MYWloMYdIO  ©IbOL
3990ggbgdolisl  dmbogrmbgwo  9539d@GMOMdOL  goBOS 89090  FMBsDBOYIO0MS3
99Lodgdg0s  o3blbosm. MMM 3bmdowos SPS 3MmiEglol dMmL  gbgbowols
Bofos3gdl memol bs3gmf3oeol Foddmgdbsl bgwls ¢Fymdl bafows3gdol Bgwosdomby
5MLYdMo J0bs693900 s 2oHYdo. 89T030 3MELOMIBIPO EIBOL 293l MMO
d9Bmdgo bsfos30sb ghmo JsmmEl Ho®dmoygbls dgmeg 30 bmEl (Lw®.26).
999dGH®Mbgdol 653500L d9Jadbs s BYI306MHIO SMEOHMJgds J0MOMII© TBMEME
gm0 bsfowszol  Bgod3oMosb  dmbgds.  33we®o  3Mbo®mgdoo  ©gbol
3990mygbgdols 99dmbgzg3sd0 30 30650096 JodMm©O s BMPO SO gAL Fg0(33¢05b,
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6039  65Hows3gdol  Bgedo®mgdo  8000gdgb  Imbofiorgmdsl 53 3GmigLdo.
999dGHOMbMwo bs3500, 0og0lL IbMH0g 0()393L 0MboBoEosL s Ho®Bmddbor 0mbgdmsb
90 byl MPgmdl  Bsdgef3owol  (o®mdmddbsl s  3EsbdMGmo  3BM39LgdoL
39630056905, (3b50s (33O ©IboL Jgdmbgzgz5do W sHBIMmO 3MM(39LYd0 MBOM
U608, 9839dGHWIOI® ©5 LEHWVOWMMI© wbs FoM0TsMmMmL.  dmEgMbobsigool
999099, B396L Boge 899353989 SPS 8mfymdommdsls 9d69ds Lodwoegds 0ddomls
OMAMO3 33090 d939 33030 3MELOMYOSO ©IBOL Mg0dd0. 58 MG Mg0d0m
LobmgHBoMmGOMo  bbgzolbgs  3mA3mbogommo  Foborgdol  33ag3s LTS gdSL
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Saint-Gobain Ceramic Materials For Armor Protection

Alumina
Zirconia

Test ar size 3 x4x451hm
(0.m8”x 0157 x1.772")

Standard Bullet Test condition Protaurius Protection
STANAG 4569 | Type of weapon Caliber Typ Mass (gram) Test range | Bullet velocity Level 1-3* *

1 Rifle 7,62X51 M80 Ball 147gr/95¢ 30m 833 m/s

Rifle 5,56X45 55109, M193 629gr/4¢g 30m 900 m/s
2 Rifle 7,62X39 API BZ 120gr/7,8¢ 30m 695 m/s
3 Rifle 7,62X51 AP WC core 150¢gr/9,8¢ 30m 930 m/s

Rifle 7,62X54R B32 API 150¢gr/9,8¢g 30m 854 m/s
3+ M Machine Gun 12,7X99 M2AP 700¢r /46 ¢ 30m 914 m/s
4 H Machine Gun 14,5X114 AP/ B32 988 gr /649 200 m 911 m/s
5 Automatic Canon 25 mm APDS-TM-791 500 m 1258 m/s
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900 96-3mRMsdoll  OHMMEo  39MO0EIooL s Boggwol  bsbmabzboggdl.
96H0IODO IJOMPO JoMB0IOOL JoLgdoLs 0ym 30MmdIMEIBMMO 3mer0dgMgdol (Bmyswo
BOIMs (-CH2-CRH-)N) 4589mygbgds. dqLsdsdol bobdo®mfigomdsmgsb  gedblbgendo
2oblbog 3modgml 9dsGHgdm©s Loero Fgbsbmdol Loewo 3md3mbgbEol Tglsdsdolo
BogMm0. Bod5e0m5®, AOGBoL  35Md0EoLomgol TiCls, TiCls, (NH4)2TiFs, bomgom
3 x50l 356Md0oLamz0l WCls, dmerodgbol 306d0obsmgol 3o MoCls. 89dama
0905353006090 0olomzol gdadgdmes NiIClz. sbggg Fo03s@gdeo sdmbbs dbmem
2odbLbgols  259myqbgdsE. 306506 MmEMABMmo  godblbgwrgdo, BgoiEeggd G
Bob3omdoL 153dom MOMEIbMdOM, 0dEgMmEs 15TNSEGOIL LOMEPYMBOWO J5MBIOPOL
§odmdadbols. bubs@Tdo NiClz, ©sds@gds 9990amdo 2sdmfizom 99339 bobm3MOLESEWG
Logro d9bobmdol gbgbowl 0dwrggzs. BobmzMobEowwmo 1bgbowgdo dowgdyeo odbs
55M9003)  53aGowd 8993300 BobTodfigoedogdol  (Bgbowsggdowgbo,
3900053930 9bo, 3963H06-1, 294L0b-1) 498mygbgdom. 3bsos g3 Logro F9bsbmdOL
1b3bool FoLogds LoFo®m ogm La®godgom sM9do sds@gdom blbs@do NiCl:
d9y396s  ©@o  99M3MMdOL  F90gy 00gdIemo  Asbol B FHYIZYOSEMOYICO
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3060Mmwobo. BHoGbol s 603900l Juwm®ogdol Tgbsdsdolo  d)BEBMW ™Mb s
MOMGHOM306mb  MOD0gemN]dggdom Jogdmwo  3md3wgdlbedo  bosgHmgdol
3oOhmobo 800°C  3gd3dgeo@dnmoby 0dwgzs bodmowgdsl TIC-Ni bobEgdol Lsgwo
3965006md9gd0L b56M Bbgzbogdols Fo®mdmddbols.

TiClz + NiCl2+2CsHs . TiCl3.CsHs + NiCl2.CeHe
TiCls + NiCl2+ 2(CH2)sNs ——  Ti(CH2)sN4Clz+ Ni(CH2)eN4Cl2

S19g39  FgLodgdgeos  BIbm3MOLEGHIWOHO  gbgzbowgdol  dopgds  BHo@sbob
A9IOHH3JOoEOL, 503900l Jarm®ools s 5806700L M0 gOHMJIgIdom.

TiCl4+NiCl2+8CsHsNH> > Ti(CeHsNH2)4Cla+[Ni(CeHsNH2)4]Cl2
TiCls+NiCl2+ 4NH2(CH2)sNH2 — 5 Ti(NH2(CH2)sNH2)2Cls+ Ni(NH2(CH2)sNH2)2Cl2
B30bL  BoghH  BoEgdMwo  ogm  FgAHowmmEmRbMmo  Bsghmgdo  ommBMGIol
MO090H00Jd9gd0m dmodgbols 3969w mMH0msb Qo 3ROl
394boderm®momsb 100-110°C (3gd3geedMs®g. 3boos LaGgsdsom s6gdo boggeol,
630608 96 3MdoEHOL JEm®OoOL ©sdsEHIds TgbodegdMdSL §35deg3l  J030L0M™
39Bdo Loro 965bmdgd0L bsbMebabowgdol.

CHIz+MoCls — [CIsMo=CHI] + 1>+ Cl
CHIz + WCls [ClsW =CHI] + I2 + Cl
—

695339600 53M5J30Mwo 33¢0g3s 80MgdIro BBMRb3bowgdols 5ILEMMYIL, H™I
(YOO  5MOL  dqlodgdgewro, Lsewo d9bsbmdol  3mA3mbabEms B3z9bl  doge
JodonMo LobmgboMgdmwo  3ma3wgdumdo  bogemgdol mgMdmbobmgbom, Lowo
996500600930L 656M3IMOLE MO0 Bb3bowgdol Ho®dmddbs. 3339l bsgMmogdols
Jodom®o Lobmg®Bo JglodErgdgeros 965 FsOGH™  bLbsMGOOL  Asdmyqbgdom  sGsdgE
d9L50530b0  BogMgOOL B MdYOOL  odmygbgdomsE. 9B gOo  LoobEgMglm
0905003960 Md5L Homdmoygbl TiH2 — NiClz — WO3 — M0oO3 - C (335603 w0) botggo. dolo
09MInLobmgBo 0dwggzs (Ti,W,M0)C-Ni LolEgdol bsgro 89650bmdol bsbmgbgbogls
(b.42). OGOJBHMYMTs 330h39690L, MM [o@dmddbowo gbgbowo mORIBosBos.
9OMN0 BB BH0EB-0m0d©Ib-3mEg3Msdol HMME0 39MB0OS, begrm dgmMg Bsbs 30
6039wl §o6TMopabl. ©ox®msdzomwo  Fogulodmdgdol  ogobogMgds  JoPO0mYOL
13636000l 656M3MOLEHIWMOHMISDY.
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b6.43-Bg  65B3969d05  M9bEHRIBMPOFOMIIBHMYMTs  Fgdobm-Jodomo  dgmmmom
LobGHYHoMYOMo Logro Jgbobmdol 6sbmabzbowols. dMGmEmgsbo folidzowols
Lotgodzom 96980 FmmogLgdEo ogm Lgoms d9g@ogdo s Logs  dglodsdolo
09bogsmmdom Ti:W:Mo:C= X:Y:Z:Q. Lobmgbomgdol 3mmaglo albdm)engdolsm3zol
LFoMOM 0gm H5dMI60Tg 50790 BodsMO.
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Bsbm3MoLGHswmEmo  Logwo  896500bmdgdol  Bbgbowgdol  Jowgdolsmzol  LsFoMms
™3035 O0 39gbmemaom®o Hgs50d900L o339, §0bssmdgy d9dmbggzsdo saowo
5936 @935} gdom0  FoBgoolL  FoMImJabols, Loz  FgbsEbmdms  Jsblomgdgdols
39995609LgdLML6  F0394935M. LSO MLEBHMIE0M® J39dmm dmyzsbowo ®abEHygbro
©OgBMJBHMYM53900 (b6. 44).
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©53obsb Ho6dmogdbgds olidgMboriemo GHo@sbo, sv)Hsby930 BYJI30M0m, HMIGo;
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Loddem®ool  [oMmdmddbom.  GHo@Eobol  LsdJermGmool  MOHPOoIMNJIggdom
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TiClz+ C6H6 —  TiCl3.C6Hs
TiClz + (CH2)eN4 Ti(CH2)6N4Cl3

300900 3m33¢gduHo Bsgmmgdol 3oMHmeoBo 300-800°C 39a39Mo@wemsbg 0dwrggs
15O gdsls  BIBMIOOLEIMMO  BHoGbol  39MBd0ooL  (o®mBmddbols.  sb9g3g  sGOL
d9Lsdergdgwo  d0300mm  Bobm3MOLGIMMO  BHodobol  39Mdoo  BHo@sbol
A9IGHMJMOH0E0E6 B0MgdMwo 3033w gdbwmo BogOmgdosb.
TiCls+ 4CsHs ____, NH2 Ti(CsHsNH2)4Cl4
TiCls+2NH2(CH2)sNH2 Ti(2NH2(CH2)sNH2).Cl>
—
A0B9b-3m@w0dgm0-g5dblbgwo  Lo@gdol 339358  a0b39b6s, GMI  0gMIMmJodomMo
Lobm9gHBO 0dwgzs bBMIOOLEHIMOO BHOGHIBOL 35MBOOL B0MGdOL 1L5FY5EGOIL. oaErsd
d0MadMo  39Md0©O  5M3MmBbEy  d0bIMGMGdMEo  BgdgBHo  Mogz0lRsWwO
BobdoMmdoom.  3mwodgmol  Lsboo  4s9m0ygbgdm@s: 3moobMdMmobgwro,
3 mbGHOOMEO, 3003060 dwmM0o0, 399Bm30 s bbgs. 3meodgMol Momgbmdol
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Lol™3gen 999l 396 0dEg3s. 3Mm0dgOHOL Momgbmdol 3609369 m3zs60 Looom
9993060900L5L, 3E0TYMHO 39006 TogMIOs 2930 S J5TMOYMGBS M530LYBE0 LEbom
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16.45. H96GHYI6MOORMII30o LSO BHOGBOL 35MdOOLS LobmgboMgdmwo
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MO0l 3560Hd0OL J0wgds BEBIBIOEHMWO 3H9Jbmwmyoom 15305MmE 3OHMOWGISEHWEMO0S.
090 3mombmgl Jomon 3939MsG Mol s ©s3wds3900L bobyMdwog s IOMTs?9350
36 (39099M90L. B6MIOOLEIWMOHO draMOL JoMBOOL Bb3bowo B39l dogH dowgdywro
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O™ 30 10 foob. 0dobomzol, MHmA 56 ImIbEIM0Ym 00900 35MHDOEOL 35833603905
@5 J9LodEgdgo  gmBOowoym doLo  SEZ0E (3353900 BB3ZBoWOL  Lsboom,
3900yggbgdmo oym dobodswrmEmo (6935 OR300 303900l 493960969ds
d0momgdL  53bgbool  BbmIMOLEHIMOMBIDY.  LEHIBIOEHMO  FgdbmEomaoom
Mol 35Md0OL JoEgdOLOL ToU 296339990 MIMOIBMIOL Mog30LvYRso BobdoMmdowo
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55



CuKa 012 BC

Cooz 003
101
A

Intensity

003
C"(]Z
h 101
; .

ﬂ71lllTlec[)lTHiHl

L. 46. drOHOL 39GOOEOL B3Ol MY6EHAIBMPOTOIIEHMAMTgd0:
a-bEIBIOEMWO, b-b5bM3OOLEIMOO.

b6.47-%g 6563969000 999993539090 F9dbmermyoom Fowgdeo BsbmzMobEsww®mo
0oL 3oMd0oL B4C gwgd@®mboero 80360MmBMmEGHMYM%30s.
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Ballistic Testing
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*  Ballets - armor-piercing
* Buollet hMass—10.820.1:
*  Bullet speed - 369+10 misac.

Standard shootine method, distance - 10m
towards a plasticine target.
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New Technology for Producing Nanopowders and Bulk Samples of composite materials
based on carbides of Titanium and Boron

L. Nadaraia, N. Jalabadze, L. Khundadze

1. INTRODUCTUIN

Obijective of a research was development of a new technology for producing nanocrystalline
composite materials with low rate of aggregation and via new SPS device manufacture hard
metals, transition metal carbides in nanocrystalline structural state.

Physical-mechanical properties of nanocrystalline materials significantly differ from those
with crystalline structure. It is provided by a decisive role of surface layers, contribution of
which in common energetic balance becomes commensurable with bulk contribution, that giving
rise to radical changes in the structure, spectrum of atomic oscillations, diffusion and in other
transport processes [1].

There are known number of techniques for manufacturing of nanocrystalline materials in
powder condition however, a question of manufacturing bulk pieces in the same nanocrystalline
state is still a problem. One of the main reasons for the above mentioned is that compaction and
synthesizing of nanocrystalline powders are accompanied with intensive growth of particles — the
process which promotes to formation of pieces in an ordinary crystalline state instead of being
crystallized in the desirable nanocrystalline state. One way of preserving nanocrystalline
structure in the bulk is prevention of the processes of grain growth through guiding sintering
processes in the time limited to a certain extent. This route is realizable in the installation based
on using the method of spark plasma synthesis (SPS) which is considerably new and it can be
used for in situ synthesis of composites with superfine microstructures. There were designed and
constructed the SPS method-based industrial installations, however physical essence of the
processes provided is not quite clear. [2]. In addition usage of nanoparticles in ceramic matrix
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composites provides lower sintering temperatures and higher densities at a given temperature
than common coarse-grained materials [3].

Powder of carbide materials can be prepared by reaction of elemental metal and carbon
powder, carbothermal synthesis, carbothermal vapour-liquid—solid growth mechanism, self-
propagating high-temperature synthesis (SHS), arc melt process, etc [4,5]. Dense bodies of
composite materials are commonly produced using several densification methods including hot
press, hot isostatic pressing, pressureless sintering etc. As is well known, hot pressing is limited
to simple shapes, requires expensive, finer raw materials, requires a higher process temperature
and is expensive to scale up [6]. The methods used for the fabrication of nanocrystalline
composite materials based on carbides are too complicated and good for fabrication of only
small-size pieces because of the problems arising during the processes of crystal growth. Adding
of inhibitors hampers crystal growth but due to certain negative effects, their using is not
convenient. Chemical-mechanical methods for the production of nanocrystalline materials in
attritor mills are also far from perfect because long-term milling contaminates the charge with
oxygen and contacts of carbide particles are more extensive. Better results for producing
nanopowders were achieved by using chemical methods developed at the University of Rutgers
for the synthesis of nanocrystalline WC-Co hard metals [7]. Unfortunately, an atmosphere used
in the described method is not acceptable in case of titanium carbide due to a certain trend of
titanium to make compounds with oxygen.

2. SPS PROCESS ON CARBIDE MATERIALS

Now a day Spark Plasma Sintering method (SPS) has been considered as the most promising
method for producing dense bodies of composite materials [8]. SPS technic has several
advantages with comparison of other sintering methods; mainly low sintering temperature and
time. That finally gives opportunity to obtain dense body with nanocrystalline structure.

Brief description of the SPS process is the following: Pulsed DC of high magnitude passes
through the powder located in graphite crucible (Fig. 1a). The current passing through the
powder creates an arc between powder particles giving start to plasma processes and to the
process of sintering between particles (Fig. 1b). The arc is created between the surfaces of
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Fig.1. Scheme of the SPS device of SPS SYNTEX INC (a) and of the process of sintering (b)
— PDC - pulsed DC, GD - graphite die, S — powder sample, P — pressure loading, EC- electric
current, s — spark, sp — spark plasma and p- powder particles

particles only within a short period since frequency of pulsed DC is high. This short period is
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quite sufficient to create high temperature and appropriately to provide the process of sintering.
However, this time is not enough for the temperature to spread through nanocrystalline particles
and elevate their intrinsic temperature. That is why temperature of the whole mass remains rather
low and does not promote to the processes of grain growth, while at the points where particle
surfaces get in contact, the temperature is quite sufficient to provide sintering processes. [9]

Frequency of the pulse DC current is constant and makes ~300 Hz. Period between impulses
makes 3.3 ms. Modes in the Japanese device can be changed by changing the number of pulses-
to-pauses ratio, though they use only 12 pulses and 2 pauses. It must be noted that recently SPS
devices are produced by some other companies (Suzhou GenFu Vacuum Technology Co., Ltd.,
Suzhou City China, EasyFashion Industry, Changsha, Hunan, China, Thermal Technology LLC,
Santa Rosa, CA, USA) as well. Principle of operation is analogous to the Japanese one.

Fig. 2 shows the Pulse DC current shape used in the device of our construction. The current
frequency can be changed within the range of 1-400 Hz. At the maximum frequency, the period
entity makes 2.5 ms (Fig.2a). Current duration (t) within the (T) period can be changed in our
device in the range from 1 to 99% (Fig.2b), i.e. non-pulse DC current can also be used in our
device (Fig.2c). Via changing the current frequency (i.e. T period)/ t/T ratio it is possible to
change the modes of fabricating materials in a wide range and to study their influence on the
properties of the obtained materials. Our device makes possible to reproduce the mode realized
in the standard Japanese device. Thus, the developed device is capable of varying the modes in a
wider area. There were designed and constructed the SPS method-based many industrial
installations, however physical essence of the processes provided is not quite clear. Therefore, at
manufacturing any new material by using the installation the scientists continue studying the
provided processes. Devices of the SPS type available worldwide are intended for using only of
conductive powders, or the materials capable to gain conductivity after heating. Otherwise there
cannot be created any spark between powder particles and subsequently, plasma cannot be
created. Therefore using of such devices for dielectric materials is not appropriate. Another
problem while applying such devices is using of nanocrystalline powders with high rate of
aggregation. Our goal was to get rid of the mentioned negative characteristics of the existed
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Fig.2. Pulse DC current Shape in the developed device: a- at the frequency of 400
Hz, b- during different frequencies (T), different duration pulses (t) and different
duration pauses (T-t); ¢ - during non-pulse DC current.

device for compaction and synthesizing of not only conductive materials but also of
nonconductive materials as well as of aggregated composite materials. To achieve this goal
became possible when we added to the SPS processes the processes created by high-voltage
condenser discharge, ultrasonic excitation and pulse pressure. Combined influence of these

—
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processes promote to compaction of nanopowders and to preservation of the structure in
nanocrystalline state. The preliminary studies showed that shortening of the sintering period and
increase of the SPS process efficiency was possible in the case if the pulse AC current was used
instead of the pulse DC current (Fig.3a). By using the pulse AC current it is possible to realise
the currently used modes in the developed SPS as well as in a Japanese device, in compliance
with the current shapes shown in Figs. 3b and 3c. Probable increase of the efficiency during
using the pulse AC current can be explained by the following point of view: as it is well known,
a spark between particles during the SPS process is created due to impurities and gases existing
on particle surfaces. When pulse DC current passes between the two neighboring particles, one
takes the role of a cathode and another — anode (Fig. 4a). Flow of electrons and surface
evaporation processes in such cases are realized from the surface of only one particle. While in
the case of using pulse AC current, due to the exchange of the cathode and anode places,
surfaces of both particles are participating in the process (Fig. 4b). Electronic flow, in its turn,
inspires the process of ionization, together with the created ions promotes creation of a spark,
and provides the development of plasma processes. It is clear that in the case of pulse AC
current the plasma processes go more rapidly, efficiently and steadily. Pulse DC current is used
in all devices probably because regulation of the AC current is very difficult. We have found an

25ms 2.5ms

—

a C

Fig.3. Current Shapes to be used after retrofitting the SPS device: a- at frequency of 400 Hz, b-
during different frequencies (T), different duration pulses (t) and different duration pauses (T-t); c
— by using the design of the Japanese device while using pulse AC current instead of pulse DC
current.

easy way for the solution of the problem. In case of retrofitting the existing device, the developed
SPS device will be capable of working in both - pulse AC as well as pulse DC current modes.
Research of different composite materials synthesized in those two modes will promote in
unambiguous establishing of the preferable method. For modernization of our device ultrasonic
excitation unite were mounted. This modification is based on well-tested technic, which is used
during very high-pressure cold pressing for achieve uniform distribution of pressure across the
volume of pressed body [10]. There are reasonable to use standing waves for contribution
effective deliberated movement of particles. Thus, impact of ultrasonic waves is efficient when
acting from the both side of the vertical axis. Consequently, purpose of usage ultrasonic
excitation during SPS process is improvingsintering quality, preserving nanocrystalline structure,
reducing porosity and raising the density of samples.
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Fig.4. SPS mechanism by SPS SYNTEA 1NC Company;
(@) J- Flow direction of electrons during DC current,
(b) J- Flow directions of electrons during AC current.

Because of this preposition, there was designed and prepared Ultrasonic excitation unit with
3kKW power and 22-25 kHz frequency. Magnetostrictive and generator was constructed
ourselves. Second ultrasonic unit for the bottom punch of the mold in addition was increase
conducting of plasma processing and reduce of porosity. Examination of impact of ultrasound
excitation on the sintering process is underway. There is establishing how theoretical
calculations adequate in to the practical realization and how it effects on the sintering quality.

Figure 5 shows image of SPS device which has been designed and built in the Republic
Center for Structure Researches (RCSR) at the Technical University of Georgia. The device, if
judging by the data, is not worse than that analogous to Japanese Lab device “Doctor Synter
2050” (SPS SYNTEX INC, Kanagava, Japan). We think that in some aspects our device even
has certain advantages.

Fig.. SPS evice designed and built by our team in the
RCSR at the Georgian Technical University
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Poly SHS

Previous investigations showed that implementation SPS process in carbide materials
conducts differently. Reason of this is connected with exothermal reaction between particles of
carbide forming elements and carbons. This process is known as Self-propagating high-
temperature synthesis (SHS), also called combustion synthesis (CS). Eexothermic process
between two or more solid reactants or gas and condensed reactants takes place in a self-
sustaining regime leading to the formation of solid products of a higher value. During the past
forty years, hundreds of different compounds, including, nitrides, borides, carbides, silicides,
sulfides, phosphides, hydrides, and oxides of many elements as well as intermetallics,
composites, onstoichiometric compounds, and solid solutions were successfully synthesized by
this method [11].

During the past several years, worldwide scientists started to use electric field (AC or DC) in
the CS across reactants and has been shown that imposition have a marked effect on the
dynamics and mode of wave propagation and on the formation (e.g., nature, composition,
homogeneity and grain size) of the product. The use of an electric field with CS has been termed
"Field-Activated CS" (FACS). The electric field directly affects combustion wave velocities and
temperatures, which is typically perpendicular to the average wave propagation direction. The
degree of activation by the field (e.g., combustion rate and threshold) is related to the current
density distribution within the sample. The current density depends on the temperature-
dependent spatial distribution of the effective electrical conductivity of reactants and products. In
addition, the distribution of reactants and products are affected by buoyancy and phase
separation under terrestrial conditions. Furthermore, the field can influence other important CS-
related phenomena including interfacial energies, capillary flow, mass-transport in porous media,
and Marangoni flows. These phenomena are influenced by gravity in conventional CS processes
(i.e., without electric fields) [12].

As mentioned above, realization of the SPS process in such kind materlas, will be
accompanied with the process of Self-Propagating High-Temperature Synthesis. Because
simultaneous combination of SPS and SHS process leads to creation of multiple combustion
areas along the whole volume of sample. This phenomenon takes reflection on the temperature
propagation consequently on the quality and homogenization of sintered dense bodies or
powders as well.

Fig. 6 shows schematic drawings of standard SHS sintering method (a) and SPS sintering
accompanied with poly SHS process.

T#T#T,

L. %ﬁﬁ

Fig.6. Sintering process a: Self-Propagating High-Temperature
Synthesis (SHS), b: SPS accompanied with poly SHS.
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Our research proves that SPS process could be appropriate for fabrication of nanocrystalline
powder of carbon materials. Usage of spatial shaped molds during SPS process promotes
synthesis of initial materials. Depending on size of the molds, it is possible to obtain different
amount of powder. Graphite molds with special shape for synthesize nanopowder of carbide
materials is shown in Figure 7a. Densification was carried out via graphite press form with
standard shape and diameter 12 mm (Fig.7b).

1. Matrix
2. Upper Plug
3. Lower Plug

Fig.7. Press molds for synthesize nanopowder (a) and
sintering dense bodies (b) of boron carbide

Crystalline phases of the powders were identified by X-ray diffraction method (XRD) using
XZG-4 diffractometer with Cu-Ko radiation (A=1.5418A). For establish approximately grain size
of obtained powder diffraction peak profile analyses were done and scanning electron
microscopes (SEM). Thermogravimetry analysis (TGA) was carried out by means of Setsys
Evolution (Setaram Tag 24). After investigation of structural conditions of bulk pieces by XRD
and SEM the best working conditions for SPS process were determinate.

SYNTHESIS OF NANOPOWDERS OF COMPOSITE MATERIALS BASED ON TiC

Composite materials based on Titanium carbide belong to hard metals or cemented carbides
(sometimes less accurately called sintered carbides). Composition presents one or more hard but
relatively brittle components and ductile binder metal that certain degree of toughness to the
composite material without impairing the high hardness of the carbide components. Carbides of
transition metals are materials with unique properties [13-15]. Hard metals based on tungsten
carbides are widely used for the needs of engineering. Substitution of these hard metals with
those based on titanium carbide is rather restricted due to insufficient strength of the latter.
Titanium carbide content materials are used in rocket production, aircraft, nuclear power and
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microelectronics industry. Probability of using titanium carbide is defined by a complex variety
of properties [16], one of them and the most important being structural condition. Most
promising is using of titanium carbide in micro-circuitry in the electronic industry [17]. Titanium
carbide is one of the main constituents of hard metals. Role of hard metals in modern technique
cannot be overestimated, and, though tungsten carbide is a leading in the industry of hard metals,
but for many reasons titanium carbide is also very attractive for using in this field. Main
disadvantage of hard metals based on titanium carbide is lack of elasticity though we think that
this problem can be solved if the hard metals are of nanocrystalline level, because physical-
mechanical properties of nanocrystalline materials are much better than of those with crystalline
structure. Nanocrystalline carbides are characterized with excellent catalytic properties [18].
Nanocrystalline titanium carbide also reveals excellent catalytic properties. Due to its light
weight, titanium carbide hard metals will be successfully used for the constructions of armor
jackets and armors for airspace machines if compared with hard metals based on tungsten
carbide. A problem is that the production of nanocrystalline tungsten carbides and of hard metals
based on these materials has already been arranged, while production of nanocrystalline titanium
carbide still faces quite serious difficulties. In this connection, we think that present work is quite
up to date.

Nanocrystalline tungsten or molybdenum carbides made by ultrasound chemical method,
where local pressures and temperatures as well as rates of overcooling are incommensurably
high, can be considered at the level of the Pt group elements by their catalytic properties [19].
However, this method needs rather complex devices; outcome is low and the product is
contaminated with oxygen so that refinement of the material demands additional operations.
Fabrication of hard metals a by powder metallurgy technique embraces the following steps:
production of powders of hard metal components, preparation of a hard metal charge, forming,
sintering and control. A scheme of technological cycle of the production of hard metals by a
standard method [20] shown that after milling and mixing, the obtained mixture of powder
components requires the procedures of drying, sieving, and subsequent plasticizing. Plasticizer
is evenly distributed in the powder thus promoting the process of pressing and reducing inner
stresses. It was found that the processes of drying and sieving are accompanied with air oxidation
of powder particles. The corroded surfaces of grains become active centers for further corrosion.
A developed new technology for producing hard alloys provides corrosion protecting measures.
In the developed technological cycle, the process of plasticization is combined with the process
of disintegration [21]. The latter not only simplifies the process of producing alloys and not only
reduces duration of the whole process, but also improves physical and mechanical properties of
the material. The mechanical properties of the hard metals depend not only on the chemical
composition but also on their microstructure. The hardness, fracture toughness and wear
properties of the hard metals were strongly influenced by the size of the carbide particles, the
degree of homogeneity of the microstructure and purity of the initial powders [22].

The interaction between TiC or TiICN-based hardmetals with a Ni-Mo binder, or cermets, and
chromium vapor in a vacuum was investigated over a wide temperature range acceptable for
depositing wear-resistant coatings without the formation of a liquid phase in the cermets.
Computer modeling in the Ti-C-Cr system showed that a direct interaction of TiC with
chromium, leading to the formation of chromium carbides, is not possible because of the high
thermodynamic stability of titanium carbide [23] Titanium carbonitride cermets of high nitrogen
content still maintaining good sintering properties and grinding machinability are the future of
titanium carbonitride cermet materials. The key to the success may be the using carbonitrides as
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starting powders, also true for other transition metal carbides and adding a certain amount of
molybdenum and performing solid solution treatment of the hard phase before sintering with the
binder [24]. Consolidation of TiC powders into dense and high-strength ceramics is difficult
because of the high degree of covalent bonding and low self-diffusion coefficient. Reaction
sintering and hot pressing is often employed for the production of dense solid bodies of titanium
carbide—based ceramics. The microstructure of sintered TiC—(Mo, Ni) materials is characterized
by a ring structure of carbides. Mechanical properties and wear resistance are better for samples
with higher TiC content [25]. FeAl-TiC and Fe-TiC pseudo binary FGM composite alloys had
been combustion synthesized from mixtures of the elementary powders. When the powder
mixture was heated in an argon atmosphere to approximately 900°K, an abrupt increase in
temperature was observed, indicating that the combustion synthesis reactions occurred in the
powder mixture. XRD analyses revealed that the combustion-synthesized samples consisted of
only FeAl and TiC or only Fe and TiC, depending on the pseudo binary system [26]. TiC/TiB.-
based cermets were fabricated in situ by means of the thermal explosion under pressure
technique starting from Ti-B4C powders with the addition of varying contents of Ni metal binder
to achieve near-net-shape bulks. The combustion reaction was ignited in a graphite die heated by
current. Full conversion of the reactants was obtained by thermal explosion and the process
yielded TiC-TiB>—Ni materials characterized by a fine microstructure [27].

On the initial stage of producing TiC there were produced titanium chlorides TiCls and
TiCls. With this goal there was performed chlorination of chemically pure TiO, at temperatures
of 750-800°C by using CCls. Synthesis of TiCls was carried out on the same laboratory unit
where there were produced carbides. The unit was equipped with refrigerator where TiCls was
condensed. The condensate was gathered in the receiver. After rectification and purification, the
obtained TiCls does not contain chlorides of other metals. TiCls was used for producing TiClz as
well as the compounds containing Ti-C, Ti-O-C and Ti-N-C bonds. Pyrolysis of the charges
prepared of the pointed out compounds allows defining and selecting optimal compounds.

Mixture of TiCls, WCls, MoCls and CaCl, with mass ratio X:Y:Z:Q was placed in the
autoclave. After evacuation, the autoclave was heated up to 400°C (1 h.), then cooled and opened
in order to add 0.5 | of water oxidated with HCI. Content of the autoclave was stirred for 30 min.,
then the reaction mixture was filtered and washed in water. Then it was dried in a warm flow of
air (~400°C). Nickel chloride was added to the carbide mixture. The obtained mass was brought
into a quartz tube and heated in hydrogen flow up to 850-900°C during 3h. Elimination of
excessive C was carried out at transmission of CO/CO> (1:1) mixture through the obtained
carbides at 750°C (120 min).

The provided model experiments on thermochemical synthesis of the integrated complex
compounds point out at the possibility of fabricating hard metal charges. In the case of all the
applied complex compounds upholding of optimal modes of fabrication, X-ray diffraction
patterns of the hard metal charges point out at two-phase composition of the material —
(Ti,W,Mo0)C-Ni. Investigation on carbon content showed presence of a significant amount of an
excessive free carbon content in the end product. Subsequent removal of the formed excessive
free carbon from the charge is rather a hard task. From this point of view, rather encouraging
results were obtained with using titanium hydride. Since the complex compounds of nickel
contain carbon, in order to introduce nickel into the charge there was used NiCl.. Similarly, for
introducing tungsten and molybdenum into the system, the complex compounds were replaced
first with chlorides and then with oxides. In order to introduce carbon into the system there was
used urotropin or soot. The results of modeling hard metal charge synthesis with the help of
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using High Temperature Thermal Analyzer SETSYS Evolution 1750 are given below: For the
experiments there was used the system of TiH2 — NiCl. — WO3 — MoO3s — C (soot). Fig. 8 shows
the results of one of the experiments. As an environment there was used inert gas argon. We can
note that there is no available any information on manufacturing of hard metals based on
titanium carbides with using the above described systems. Investigation of the released at
thermochemical synthesis product shows that the carbide making process is promoted with
subsequently and in parallel proceeding chemical reactions. From the thermo-analysis curves
(Fig. 8 green curve) one can see that up to 300°C the mass loss is about 12% while at heating to
800°C mass loss approaches 25%. Heating of the charge to 1400°C leads to the mass loss of
about 33%. Within the temperature range from 80°C to 1300°C, the endothermic (88°C, 118°C,
226°C, 542°C, 619°C and 12940°C) and exothermic (967°C) effects were revealed. Endothermic
effects are connected to the following processes: the charge on contains a certain amount of
adsorbed and crystalline water; therefore, dehydration process occurs below 300°C. Both the
above mentioned processes are endothermic; this period is marked with shortening of the charge
mass. Above 300°C titanium hydride starts decomposing with subsequent hydrogen release. The
released hydrogen and chlorine-hydrogen go into reaction with tungsten- and molybdenum
oxides. Due to this reaction, proceeding in the area of reaction there are formed appropriate
chlorides and oxichlorides.
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Fig. 8. Temperature dependence of the relative mass change (TG), its derivative (DTG) and heat flow DSC) for
the mixture of (Ti,Mo,W)C-Ni, measured on the unit SETSYS Evolution 1750.
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Fig.9-A. shows diffraction patterns of the powders synthesized for 1h at 700°C (a); diffraction
patterns of powders additionally synthesized at 1000°C for 1h (b). There we can see an ideal
structure of nanocrystalline hard metal (Ti, Mo, W)C-Ni. The diffraction pattern shows that
using of thermochemical synthesis makes possible to prepare nanocrystalline two-phased hard
metal powder from the applied charge. One phase is complex carbide of titanium, tungsten and
molybdenum with cubic structure, the second phase is nickel. Broadening of the lines on the
diffraction pattern certifies that the structure is nanocrystalline. Fig. 9-B shows electron
microscopic image of the fracture of the TiC-Ni-Mo-W- system hard metal made by described
technology.
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Fig. 9. A- X-ray diffraction patterns and
B- Electron microscopic image of the system (Ti,Mo,W)C-Ni hard metal nanopowders.

X-ray investigation of the alloy sintered for 30min at 1400°C shows presence of only two
phases: titanium carbide and nickel (Fig. 10). It certifies that carbide grain of the alloyed alloy is
a complex carbide of the (Ti,Mo,W)C composition.

Unique experiments were conducted on fabrication of nanocrystalline hard metal with the
help of the developed device immediately from the alloy components omitting the procedure of
preparing initial nanopowders. Fully sintered nanocrystalline hard metal of the (Tiw,Mo)C-Ni
system was obtained from the charge comprised of titanium hydride, nickel chloride,
molybdenum- and tungsten oxides and soot (Fig. 11).

The developed device also solves problems of excessive free carbon creating at fabricating of
titanium carbide based nanocrystalline hard metals. The solution is following: in this case it is
also necessary to bring an excessive amount of free carbon into the charge for fabricating
nanopowders with normal structure. This excessive free carbon further makes obstacles to the
alloys to be normally sintered. If carbon introduced into the charge is of less amount then there is
detected presence of new structure compounds besides the main phase in nanopowders. Fig.12-a
shows X-ray diffraction pattern of the nanopowder with an excessive amount of the introduced
free carbon: there are observed molybdenum, tungsten and their carbides (W.C and MoC). It is
easy to overcome this disadvantage if the powders are sintered on the developed device (Fig.
12A-b). From the nanopowders with rather defective structure (Fig.12; B-a,C-a) can be easily
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fabricated alloys with normal structure (Fig. 12: B-b, C-b) if the SPS method and the developed
device are applied.
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Fig. 10. X-ray diffraction pattern of the
sintered hard metal TiC-Ni-Mo-W.
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Fig.11.  XRD pattern of Fully sintered nanocrystalllne hard metal of the (TiW,Mo0)C-Ni
system obtained from the charge comprised of TiH2, NiClz, MoOz, WOs3 and soot.
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All above described XRD investigation of powders and sintered alloys proves that SPS
process promotes not only sintering process but also conduct complex synthesis reactions of
composite materials.

Physical-mechanical properties of carbon materials depend on many factors such as an
amount of a bonding agent, size of carbide particles, structure of a bonding agent and of carbide
particle, character of their interaction, etc. These characteristics are greatly influenced by the
technological parameters, which compose hard metals. Measurements of physical-mechanical
properties were done for composite carbon materials produced via ordinary and SPS methods.
Approximately 20 % of property improvement were detect in materials with nanocrystalline
structure produced via SPS method.
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Fig. 12. A,B,C- XRD images of a- (T| Mo, W)C-Ni powder not fully formlng,
b-sintered same powder via SPS

3. COMPOSITE MATERIALS BASED ON B4C

Boron carbide belongs to non-metallic materials commonly referred as ceramic material.
Boron carbide is used in refractory applications due to its high melting point and thermal
stability; it is used as abrasive powders and coatings due to its extreme abrasion resistance; and it
is commonly used in nuclear applications as neutron radiation absorbent. B4C is a premier armor
material for personal and vehicle safety due to its low density and high hardness, third after
diamond and cubic boron nitride [28,29].

Nanocrystalline B4C was synthesized by an inexpensive carbothermal reduction method using
carbon black and B2O3 as precursor. Full conversion was achieved at 1350°C for annealing times
of 480 minutes or with a large excess of B2O3 and oxidation of the remaining carbon after 30
minutes of annealing. The average particle size of the synthesized B4C powder was 260 nm [30].
Nanocrystalline boron carbide (B4C) was synthesized via a solvothermal reduction of carbon
tetrachloride using metallic lithium as reductant in the presence of amorphous boron powder at
600°C in an autoclave. The X-ray diffraction pattern of the product powder was indexed to the
hexagonal B4C phase, with lattice constants a=5.606 and ¢=12.089 A [31]. There were designed
and synthesized a new type of boron—carbon polymer, which would serve as precursor for boron
carbide. The polymeric precursor was synthesized by the reaction of boric acid and polyvinyl
alcohol that after pyrolysis at 400°C and 800°C gives boron carbide [32].
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Producing pure B4C ceramics still present problematic task, due to its high sintering
temperature 2100-2200°C. At the same time producing B4C requires long-standing and labor-
consuming procedures. Thus, the various additives such as C, Al, Fe, Ti, SiC, TiB2, Al,O3,
ZrO2 have been used in order to decrease the sintering temperature and improve sintering
process [33].

In order to control phase transformation, grain growth and enhancing mechanical properties,
boron carbide (B4C) is used with SiC in many applications. The effect of B4C addition on
microstructural and thermal properties of the SiC-B4C powder composites were investigated by
Z. Kegeli after high energy milling and hot pressing. SiC powders containing 5wt%, 10wt%,
15wt% B4C were mechanically alloyed in a high energy ball mill for 8 h. As the B4C amount in
composites increase, bending strength and hardness values also increase. [34].

For producing boron carbide amorphouse boron and carbone powders were used as
precursors. For ceramic composition B4C+SiC=30+70 on precursors mixture were added phure
silicium powder. SPS Sintering process of bulk samples of B4C was conduct under 20MPa at
1700°C and holding time during 5-10min. Nanopowders were produced with pressureless SPS
regime at 5 min-1600°C. For comparison of dense bodies of standard boron carbide has been
hot pressed during 2 h under 1900°C temperature. Temperature dependence of nanocrystallinity
and density were established. Producing nanocrystalline powder requires lower and pressureless
mode of SPS process than obtaining bulk bodies of B4C.

Nanopowder produces via SPS method were compared with powder synthesized due to
carbothermal reaction. Powders of B4+C produced via standard technology characterized with
certain amount of free carbon at the A=26.50 degree (Fig. 13.a) and its removal requires extra
special procedures. Furthermore process are characterized by large grain size due to high
temperature. While the powders synthesized by our technology were free from extra carbon (Fig.
13b). Diffraction peak profile analyses and SEM micrographs detects nanopowder with grain
size less than 100nm (Fig. 13-B). SPS process leads to initiation of SHS process on the
throughout volume of sample at the grain contacts and promotes preserving of nanocrystalline
structure of obtained powder.
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Fig.13. A-X-ray diffraction patterns of B4C powder materials obtained by standard (a), SPS
methods (b) ; B- SEM image of nanopowder B4C obtained by SPS method (1600°C-5min).

Fig. 14 and Fig. 15 shows x-ray diffraction patterns and electron micrographs of boron
carbide prepared by the standard as well as by the developed by our team technology. One can
clearly see the advantage of the samples sintered by the SPS method for sure having an influence
on its properties. Linear background of diffraction profile (Fig. 15 a) means relatively large
graininess of powder while existing backgound at Fig. 15 b indicates a nanocrystalline structure
of obtained powder. Amount of porosity and densification quality is reletievle depend on the SPS
regimes. Brittleness and low thermal shock resistance is distinguished for pure boron carbide. In

Fig.14. Electron micrographs of B4C armor materials
obtained by standard (a) and SPS methods (b).
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order to improve these characteristics often alloying is applied. Silicon carbide is the one of the
best alloying material.
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Fig. 15. X-ray diffraction patterns of B4C
bulk materials obtained by standard (a) and
SPS (b) methods of B4C densified by SPS
(1700°C-10min)

Fig. 16. Shows X-ray diffraction pattern (a) and SEM micrographs of B4C-SiC composition.
Mentioned composite material was produce via SPS method at 1700°C during 5 min. Analyze of
diffraction peak profile detects cubic structure of silicon carbide as well as 6H polytypic
Structure. 6H polytypic structure does not exist during alloying boron carbide with cubic SiC

via standard technology.
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Fig.16. X-ray diffraction pattern (a) SEM images of B4sC —
SiC (b,c)
SPS technological regimes of some B4+C materials and relatively density of produced samples

are provided below (Table 1.).
TABLE I.
SPS OPERATING MODES WITH RELATIVELY DENSITY

Sample# SPS- SPS-264 SPS-
) powder B4C B4C-SiC
Regime
SPSCurrent 9/1370 9.2/2060 | 9.5/2300
(VIA)
Temp. (°C) 1600 1700 1700
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Holding Time 5 10 5

(min)
Pressure MPa 0 20 20
Density (% of - 94 95

theoretical)

4. CONCLUSION

The technology for manufacturing of composite materials Based on carbides of Titanium and
Boron was developed. Technology is based on modification of Spark Plasma Synthesis (SPS)
method that gives opportunity to produce dense bodies with nanocrystalline structure. Essence
of modification was to use AC current instead of DC and ultrasound excitation during sintering
process. AC current gives opportunity to conduct SPS process more rapidly, efficiently and
steadily. At the same time Ultrasonic excitation assists improve of sintering quality, preserving
nanocrystalline structure, reducing porosity and raising the density of samples. Investigations of
influence of main modifications are underway and needs more experimental evidences.

Realization of the SPS process in carbon materials is characterised with accompanying
process of Self-Propagating High-Temperature Synthesis. This phenomenon takes reflection on
the temperature propagation, consequently on the quality and homogenization of sintered dense
bodies or powders as well.

A result of our experiments proves that Spark Plasma Sintering process is also appropriate for
synthesizing of nanocrystalline powder of carbon materials. Depending on size of the molds, it is
possible to obtain different amount of nano powder.

It was realized through selection of compositions based on the research results of hard metals
fabricated by a conventional technology. Hard constituent of titanium carbide alloys and bonding
materials — Ti, Mo, W and Ni taken in different ratio. There were also selected salts of the above-
mentioned metals and their common oxygen-free organic solvents. Special attention was paid to
halogenides of transition metals. Some chlorides of refractory transition metals in the case of
necessity were fabricated in the chlorinating reactor. Complex and metal-organic compounds of
transition metals were prepared by chemical synthesis of the salt solutions. For the formation of
hard metal charge, the complex and metal-organic compounds were subjected to pyrolysis at
800-900°C in hydrogen flow and/or without it. Interaction of titanium hydride with oxygen-free
organic at 700-800°C for the fabrication of hard metal charge was also provided. The hard metal
charge was subjected to and was sintering by standard technology and by Spark Plasma
Synthesis (SPS) method. Technological modes by all cycles of fabrication of titanium carbide
and hard alloys based on this material were developed. The developed device also solves
problems of excessive free carbon creating at fabricating of titanium carbide based
nanocrystalline hard metals. XRD investigation of powders and sintered alloys proves that SPS
process promotes not only sintering powders but also conduct complex synthesis reactions of
composite materials.

Investigation of the structure, physical-chemical, mechanical and performance properties of
the elaborated hard metals and their industrial testing was performed. Approximately 20% of
property improvement were detect in materials with nanocrystalline structure produced via SPS
method.
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Rapid (5min.) and low temperature (1600°C) sintering cycles allows control grain grows
process and prepare pure nanocrystalline powder of Boron carbide. Simultaneous combination of
SPS and SHS process leads to immediate synthesis of precursors and promotes preserving of
nanocrystalline structure of obtained powder. In addition method contributes to formation of
powder without extra carbon. Densification of bulk samples requires 10 min 1700°C instead of
long-standing and high temperature procedures. Composition of boron and silicon carbide with
proportion 30-70% was produce at 1700°C during 5 minute and under 20 MPa pressure.
Obtained material was with 6H polytypic structure. Now a day it still a problem to achieve best
relative density.

Our approach for ameliorate sintering quality, properties of samples and eliminate porosity is
founding to use ultrasound excitation and AC current during SPS process.
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Spark Plasma Sintering/Synthesis of Ultra High Temperature ceramics
L. Nadaraia, N.Jalabadze, and L. Khundadze.

Abstract— Widely known class of Ultra-High Temperature Ceramic (UHTCs) materials
represents borides and carbides of transition metals Ti, Zr, Hf. These materials are
characterized by high melting temperature, hardness, wear-resistance, and satisfactory
strength at high temperature and corrosive resistance. In the presented work were produced
and studied the following ceramic materials: TiB2, ZrB2, HfB2, TiB2-TiC, TisSiC:. In spite of
their excellent properties, carbides have been hardly developed on an industrial scale due to
the high cost of the raw materials and of processing and sintering. The high melting point
makes them difficult to sinter. Thus, pure carbides have been sintered with pressure-assisted
techniques, such as hot pressing, reactive hot pressing and spark plasma sintering (SPS).
Crystalline phases of the powders were identified by X-ray diffraction method (XRD). For
establish approximately grain size of obtained powder diffraction peak profile analyses were
done and scanning electron microscope (SEM) were used. Thermogravimetry analysis (TGA)
was carried out for detecting conversion and formation of materials with temperature
dependence. After investigation of structural conditions of bulk pieces by XRD and SEM the
best working conditions for SPS process were determinate. There was investigated influence
of ultrasonic excitation at the densification quality.

1. INTRODUCTION

Extreme environment could be considered as being encountered in applications of airspace
engines, high fuel efficiency generators, hypersonic vehicles, and generation IV nuclear
reactors. Consequently, the materials mostly should characterize by stability at extremely
high temperatures, by having good oxidation, structural and chemical resistance. Strength,
thermal conductivity, thermal expansion, density, fabricability, and cost are also important
factors in determining the optimal material for a given application [1,2]. There are more
than 300 materials with melting temperatures over 2000°C, including the group IV-VI
refractory transition metals, oxides (HfO2, ZrO2, UO2, ThO2), a variety of transition metal
carbides, nitrides, and borides as well as mixtures based on these compounds. After the
seminal works sponsored by the U.S. Air Force as well as the work of Samsonov in the 1960s
these materials became widely known as the class of Ultra-High Temperature Ceramic
(UHTCs) materials [1]. Borides of transition metals Ti, Zr, Hf, Ta when blended with a
proper reinforcing second phase such as ZrC, SiC, MoSi2, TaSi2, C are generally considered
to be the main focus of research [3,4]. Titanium is often used to save weight by replacing
heavier steel alloys in the airframe and superalloys in the low temperature portions of gas
turbines. Titanium is becoming even more important as an airframe material due to its
outstanding resistance to fatigue, its high temperature capability and its resistance to
corrosion [5]. The carbides of the group IV-VI transition metals with melting points 3000-
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4000°C are commonly referred to as refractory carbides. The electrical resistivity of the
carbides is only slightly higher than that of the host metals, reflecting the metallic behavior
of these compounds and their strong metal-to-metal bond. One drawback of these carbides is
their poor oxidation resistance. In spite of their excellent properties, carbides have been
hardly developed on an industrial scale due to the high cost of the raw materials and of
processing and sintering. The high melting point makes them difficult to sinter unless
temperatures higher than 2000-2300°C and mechanical pressure are applied. Thus, pure
carbides have been sintered with pressure-assisted techniques, such as hot pressing, reactive
hot pressing and spark plasma sintering [6]. In nearly all the reported investigations on the
spark plasma sintering/field assisted sintering, higher heating rates, lower sintering
temperatures and shorter dwelling times have been used in comparison with conventional
sintering techniques (hot pressing, pressureless sintering, etc.) [7-9].

Ultra-high temperature ceramics (UHTC’s) are designed for service at temperatures greater
than 1500° C. ZrB2 and HfB: are primary candidates because of their high melting points
(~3000°C), thermal together with other desireable levels of electrical and mechanical
properties and chemical stability at the intended application temperatures. Primary
applications for UHTC’s include hypersonic flight, atmospheric re-entry vehicles, refractory
linings, electrodes, microelectronics and cutting tools. Most notably, the sharp leading edges
of hypersonic and atmospheric re-entry vehicle designs require improved material
performance under the ultra-high stagnation point temperatures, convective heating

and extreme oxidation conditions. Composites of ZrB: and HfB: are often processed with
SiC, typically in quantities of 10-30% by volume SiC [10].

2. Experimental

As was mentioned objects of our research represented borides: TiB2, ZrB2 and HfB2. From
the listed materials main research was done at the TiB2 and the best working condition was
taken as starter regimes for diborides of Zirconium and Hafnium. High purity dioxide of
transaction metals were used as precursors synthesized with boron carbides and
nanocarbone. Powders were obtained via thermo synthesis and SPS synthesis of precursor
mixture using pressureless mode of SPS.
Chemical reaction conducted during synthesis was the following:

2 TiO2+B4C+3C — 2TiB2 +4CO

2 HfO2+B4C+3C — 2HfB: +4CO

2 ZrO2+B4C+3C — 2ZrB:2 +4CO

B4C+ 3TiO2+6C —2TiB2+TiC+6CO

Thermo synthesis held on 500°C, 800°C, 1000°C and 1100°C temperatures during 1 hour.
Also was produced composition of TisSiC2. For obtaining this composition the following
chemical reaction was conducted.

3 TiC + Si +2 C — TisSiCz
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The initial components were taken from the following ratio: TiC/Si/C |0,77/0,14/0,12

For obtaining bulk bodies precursor mixture were sintering in The nanopowders of UHTC’s
were sintered via SPS in a graphite environment at 8-10 V voltage and high-frequency
current 2500-2700A, that gives a temperatures varies from 1450°C-1800°C. at the different
holding time under 15-30MPa pressure were obtained dense bodies of desired composition.
Graphite molds with special shape was used for synthesize nanopowder of borides (Fig.1a).
Densification was carried out via graphite press form with standard shape and diameter 10-
12 mm (Fig.1b). At the punches and inner hole was used Sigraflex (Graphite paper) in case
to isolation of sample from the dies and punches.

TC

1. Matrix
2. Upper Plug
3. Lower Plug

Fig.1. Press molds for synthesize nanopowder (a) and sintering dens bodies (b)

Crystalline phases of the powders were identified by X-ray diffraction method (XRD) using
XZG-4 diffractometer with Cu-Ka radiation (\=1.5418A). Powder morphology and structure
was examined by transmission (TEM) and scanning electron microscopes SEM-nanolab 7
and SEM- FEI, Nova Nanosem 430.

Thermogravimetry analysis (TGA) was carried out by means of Setsys Evolution (Setaram
Tag 24). The carbon content in gels and powders was analyzed by the Analyzer Multi EA
2000

3. results and discussion

Thermochemical synthesis shows that crystallization process of the borides of transaction
metals starts at >1000°C. Figure 2 shows x-ray diffraction patterns of the powders of titanium
diboride synthesized at 1000°C temperatures and dense bodies sintered via SPS at 1600°C.

Synthesis at low temperatures results with not fully formed of the desired compound, but 1
hour after the 1000°C-thermal synthesis gives the fully formed powder of pure titanium
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diboride. Thus the formation of such a powder at SPS was easily implemented at the
relatively low temperatures (1500°C-1600°C).

TiB 101
J 101 'y 001

| " 100
( -

| ] |
Lila |- bjl L

46 20 24 46 iz 24

Fig.2. X-Ray diffraction patterns of Titanium Diborides: a- TiB2 powder synthesis at 1000°C
1h, b- sintered via SPS at 1600°C ;

Also carried out sintering of charge direct by SPS Sintering, although in this case took place
formation of undesirable phases, that is expected to be a rapid increase in temperature due to
melting of boron oxide and because of log out from the system the took place change of
correlation between the components. Figure 3 shows a SEM micrograph of titanium diboride
with good quality sintered and graininess approximately 5 pm. Measured density was 92% of
theoretical density.

Fig.3. TiB2- SEM image of sintered via SPS at 1600°C
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After one hour thermosynthesis of Zirconium diboride at the temperature 1000°C powder
appears not fully formed with additional phases of zirconium oxide monoclinic and cubic
structure (Fig. 4a). SPS sintering of such powder leads to form oxide monoclinic phase again
and starts formation of borides (ZrB(C) ZrB:(H)) (Fig. 4b). Increasing the temperature till
1700°C gives afresh-multiphase structure with oxides and borides of zirconium; however
intensity of borides peaks were increased with respect to oxides (Fig. 4c). Fact was clarified
increasing the temperature would give desire result.

Sample investigation at Scanning microscope shows evidence of multiphase structure (Fig.
5). The lighter parts consist to be oxide phase and the rest is union of borides. Also clearly
seen dispersion of borides grains as well.
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Fig. 4. X-Ray diffraction patterns of Zirconium Diborides a- ZrB, powder synthesis at 1000°C 1h,
b- sintered via SPS at 1600°C ; C- sintered via SPS at 1700°C

Fig.5. SEM images of Zirconium Diborides sintered via SPS at 1700°C
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Thermo synthesis of Hafnium diborides at the 1000°C for 1 hour also gives multiphase
structure, however after SPS sintering obtained sample converted at the diphasic structure of
borides (Fig. 6). Sintering temperature at 1800°C appears sufficient to continue synthesis and
obtain structure without oxide phases. SEM images show (Fig. 7) diphase structure of
hafnium boride and at the same time high porosity of sample. Of course, to achieve better
density increasing of pressure will have better influence.

CuKa ,
101 001
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Fig.7. SEM images of Hafnium Diboride sintered via SPS at 1800°C ;

The XRD patterns of the composition 7iB2 - 7iC showed that the ceramics were mainly
composed of TiC and TiB2 phases (Fig. 8a), the diffraction crystal planes of TiC were
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arranged as (1 1 1), (2 0 0) and (2 2 0), whereas the diffraction crystal planes of TiB2 were
arranged as (1 0 1), (1 0 0) and (1 1 0). If sintering temperature was 1600°C in case TiB:
samples, additional TiC phase in the composition leads to lower sintering temperature at
1450°C. A SEM images we can notice very few pores and measured density was also 98% of
theoretical. Consequently, titanium carbide appears temperature effective for system and

hardness test shows very high results 30GPa.

CuKa
TiB,
TiC
Fay
5 TiC
Ti 82
TiB,
TiC
g ALSAALLALLY s

Fig.8. X —Ray and SEM images of TiB> - TiC composition of sintered via SPS at
1450°C

Sintered composition of Ti/Si/C system gives ceramic diphase materials with Ti3SiC2 and TiC
structure (Fig.9). Also sintering temperature was 1450 °C, which again proves TiC influence
as temperature effective for system sintering. SPS modes were sufficient to achieve 97%

density of theoretical.
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Fig. 9: X —Ray of TisSiC, composition of sintered via SPS at 1450°C

Structure, physical-chemical, mechanical and performance properties of the elaborated
hardmetals were investigated and their industrial testing was performed. SPS technological
modes and relative density of the produced samples are given in 7able 1.

Table I.
SPS operating modes with relative density

PS-
Sample# SPS SPS SPS '?‘1]2 ) SPS
Regime HfB: TiB: ZrBy | TisSiC:

TiC
SPSCurrent

10/2700 | 9/2700 10/2700 | 9/2700

(V/A) / /
Temp. 1800 | 1600 | 1700|1700 | 1450
(°C)
Holding
Time (min) > > > 6
Pressure
MPa 20 25 30 30
Density
(% of | 85 92 98 97
theoretical)
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