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I'upope3oHaHCHBIE MPUOOPHI

il

Puc, 1011, Cxesma pasuposky oaeKIpoon s rupoTpole

Gyrotrons operate at near the electron cyclotron frequency
., = eHy/ym,
y =1+ eU/m,c?
The operation of gyro-devices is based on interaction of electrons gyrating in the external
magnetic field with fast electromagnetic wave under the cyclotron resonance condition
@ —hv, = noy,
(w and h are the frequency and the axial wavenumber of the wave, v, and w,, are the axial

velocity and the cyclotron frequency of the electrons, n is the cyclotron harmonic
number).
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The interaction of electrons with fast electromagnetic waves propagating in the
cavities and waveguides with smooth metal walls is the distinguishing feature
of gyro-devices as opposed to conventional slow-wave electron devices.
Formally, the orbital bunching of gyrating relativistic electrons has much in
common with bunching of linear electron beams being used in ordinary “O”
type devices.

Since no periodic structure is employed, an enhanced power handling capability
exists in gyro-devices.
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o S N N by QR VAVAVAVAY, VAVAVATAY
O" type C«\\ ,f) Qx v|v
device Monotron Klystron TWT BWO
\ N \_m_/ﬁ_/\\ - - -

Type
of gyro Gyrotron Gyroklystron Gyro-TWT Gyro-BWO
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plasma heating & current drive
In nuclear fusion reactors

l P>1 MW, t>1sec=CW

fe80+170 GHz

\ “non-fusion” applications

Pel-+100kW, CW
fe 24100 GHz

| plasma

solid state
materials science
(technology)
ceramic sintering,
joining,
powder synthesis,
annealing

Y
plasma assisted
Processes

Y
ion —

SOuUrces CVD

\ diagnostics

mMMm-wave
“lidar”

mm-wave
spectroscopy
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OCHOBHbIC OTJIUYMA TUPOTPOHHBIX UCTOYHUKOB U3JIYYECHHUS OT
«TpagunuOHHLIX» (MarneTpoH, JIbB, JIBO, KIuCTpPOH...)

I'uporpos P>10-= 100 kW CW mmp MHOTOMOJIOBEIE
A<1lcm(f>30GHz) ICKTPOJUHAMHUYCCKHUE
eH CHCTEMBI
f = — A (cm) = 1.07 H (T)
f<30+40GHz -  “remniii” cOJICHOMU/I
f>40 GHz - CBEPXIPOBOIAIINI COJICHOM/I
JIMHUS nmeperayy u3jaydyeHuss °* MHOIOMOIOBBIC BOJIHOBO/BI
S, > A2 * KBa3MOIITUYECKHE 3E€pKaIa

* UX KOMOWHAIINHN
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Specifications of CW gyrotrons

Frequency, RF Power,

GHz KW Output Mode Solenoid Producer
24 3 TE,; water-cooled IAP & Gycom (Russia)
24 7/30 TE,; / TES, water-cooled IAP & Gycom (Russia)
28 10 TEq, water-cooled CPI (USA)
28 10 TEq, permanent magnet Mitsubishi El. (Japan)
28 15 TEq, oil — cooled IAP & Gycom
30 15 TEg, oil — cooled IAP & Gycom
30 10 TE,, permanent magnet IAP & Gycom
34 15 TE,, oil — cooled IAP & Gycom
52 30 Gaussian Liquid He cooled IAP & Gycom

84 35 Gaussian Liquid He cooled IAP & Gycom
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PAH CXEMA MMPOIIECCA MUKPOBOJITHOBOHN
OBPABOTKHU MATEPHUAJIOB
MapameTpbl Nnpouecca
L
Cucrema
ynpaBneHus N
=
i L’M-GW %
UcTo4YHuK l Tennounsonsuus
MUKpPO-
BOJIHOBOIO | NuHus nepenayu @ W
U3ny4veHus
Pabo4yasa kamepa
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PAH CprKTypa I'NPOTPOHHbBIX KOMILVICKCOB IJIAA

TEXHOJOI'NYICCKUX HpI/IMeHeHI/If/i

Curnain ynpaByieHUsI BBIXOJIHOW MOIIIHOCTBIO THPOTPOHA BhIpA0ATHIBAETCS B
COOTBETCTBUU C PACCOTIIACOBAHUEM MEXKAY HAIepe] 3aJaHHBIM U TEKYIIUM 3HAYCHUEM
KJIFOYEBOTO MapaMeTpa B BRIIIOJIHAEMOM MPOILECCE TAKOTO, HAITPUMED, KaK

* TeMIIepaTypa 0ObEeKTa,

* BEJIMUMHA JIUHEWHOW YCAIKH,

* BEJIMYMHA MPOXOISIIECH MOIIHOCTH,
* CKOPOCTb OCaXJICHUSA

=

High Voltage Transmission .
Power Supply > Gyrotron > Line »|  Applicator
A
i A
Solenoid Power Process
Power Meter
Supply Parameter
I PC - based J
Control System |
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7 KBT 24 I'T'1l THPOTPOHHBIA KOMILJIEKC

—— U=17 KV

5 | —— u=tsw A

e

!

E —— U=13KY
2 ]
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05 0,75

DJIEKTPOIIUTAHUE

- TUPOTPOHA

HaNPsDKEHUE 1o 20 xB
TOK mol A

- OCHOBHOI'O COJICHOH/IA

TOK menee 90 A
HaIPSIKCHUE menee 100 B

[TorpebisiemMasi MOIITHOCTh

110 35 kBt
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SkBT 24 I'T'il rMpOTPOHHBINH HCTOYHUK C
nocrogsHHbIM NdFeB marautom
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TWO-FREQUENCY GYRO-DEVICE BASED SYSTEM

A 25 kW CW 24

GHz gyro-BWO has
been incorporated in a
two-frequency  gyro-
device based system for
microwave processing
of materials, produced
by IAP for the Far
Infrared Center, Fukui
University, Japan.
Another microwave
source in this system
was a 15 kw CW 28
GHz gyrotron

CW Helical-Waveguide Gyro-BWO as a part of
dual-frequency gyro-device system for material processing

28 GHz gyrotron  24-GHz tunable

‘, &
< -~ B
w5l

~ente \,U.niverSI Japan

Gyro-BWO characteristics

frequency

B,=4.39 kG
0o 1 2 3
ABIB, (%)
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PAH BJIGKTPOI(I/IHZIMI/I'—IGCKH HCB3aAUMHBLIC JIMHHUH IICPEIATHN

U3JIyYCeHUS

*  MHOTIOMOIOBEIE BOJTHOBOIBI
e KBa3HMONTHUYECCKHE 3epKaja
* HUX KOMOWHAIINHN

BOJIHOBOJIHAA JIMHUA
nepenaun [Eq; Moasl
moaoBeii  TE;; —  m3iyyareinb 3epkajio

¢GuabTp BOJHOBOM
My40K

“rayccoB”
Ny4oK
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JIlunus nepenaun aas Institute Modern Physics
(Lanzhow, China)

N
L1
i |

ko3 puuueHT nepenauu uaydeHus oosee 98 %
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PAH Applicators

Processes based on volumetric heating

Highly oversized as compared High uniformity of the microwave energy
with wavelength (L >> 1) mmmdp  distribution due to superposition

and supermultimode ( N > 100) 3
Large size sample processing

Surface heating by focused wave beam

| =P/ A2 =210kW/1cm? =10* W/cm? <= Is comparable with
laser treatment

Alternative methods of heating

Mirror 11 Mirror I

volumetric e 1 surface
heating 4 (Sample heating

VA iy
o V. = Sample
A A Thermal 5 ﬁ

ool - insulation ©
o o° o | insu atio oo

Work-table

Stirrer ° stirrer Work-table
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PAH MHUKPOBOJIHOBBIE PE3OHATOPDBI

YacToTHbIN MHTEepBan Mmexay CooCTBEHHbIMU r’ce

Moaamu
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@ Vo© s.:apop.

n

efficiency Ao

A Excitation /
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«— = Single-mode
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CS V npoBoAMMOCTb

(]__ R) +470, S V,: 06bem obpasua
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®,/0,
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Frequency

e bonee ogHopoaHoe
pacnpeaerneHue nons

e OQHOPOAHOCTbL MOXHO eLle bonee
yIyYyWwuTb NepemMeLinBaHMemMm Mo
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24 GHz / 3..10 kW

10 systems installed in Japan:
m Osaka University = Fukui University

m Kinki university
m Alloy Industries Com Matsue
m Kawasaki m Sendai

Mirror 11

______________
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I'MPOTPOHHBIE KOMIUVIEKCDHI AJ1A
MHUKPOBOJHOBOM OFPABOTKH MATEPHUAJIOB

Mirror 1

\\.) ! Ninsert
‘) ,/7, , Sample
SF N iy
//, v
P ! Sample
v o Thermal o
! - insulation o0
| 1N o3
Ood]|
Work-tabl o) Work-tabl
Stirrer ork-table ° " Stirrer ore-tabie
ObbeMHbIN Harpes ObpaboTka

* MOIITHOCTH 3 — 7 KBT
e yactoTta 24 I'T1

CpOoKyCcMpoOBaHHbIM
My4YKOM U3NyveHns

* 00beM paboueit kamepsl ~ 100 11

* pabouee napienue (10-5 + 2) atm

* MHOTOKaHAJIbHAsl CUCTEMa IMAaTHOCTUKH TeMIIepaTyphl
00BbeKTOB ¢ TOUHOCTHIO U3Mepenust +0.2% npu T ~ 2000°C u

m Okayama University Bpemenem paszpenienns <0.1 cex

* KOMITBIOTEPHAs CUCTEMA ylpaBieHus npoueccamu CBY-

00pabOTKH MaTepUaIoB
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PAH KOMITBIOTEPHASA CUCTEMA YIIPABAEHUA

7/ \

YIIPABJIEHUE PABOTOU YIPABJIEHHUE MOIIIHOCTHIO
KOMILJIEKCA l

|
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Mpumepbl NpUMeHeHUsa U uccrneaoBaHUA NpoLeccoB MUKPOBONTHOBOM
00padoTKM:

HU3KOTEMMEPATYPHbIE
" TEXHONOMMM NULLEBBLIX NPOAYKTOB

" CyLUKa ApPEBECUHBI

» dbapmMaueBTMKa

* BMOMeaNLIMHCKNE NMPUNOXEHNS

" TEXHOSIOMNU NOSNMIMMEPHbIX MaTepuanos

BbICOKOTEMMNEPATYPHbIE
= criekaHWe NOopPOLLKOBbLIX MaTtepuanoB (KepaMnyeckmx n Metansim4eckmnx)
" XMMUYECKMne peakuum B Teepaon dase

" NPON3BOACTBO CTEKNA

" COeIMHEHNE MaTepmaros

" OTXKUT MOSTYNPOBOAHMKOBBIX CTPYKTYP

OCHOBHbIE pe3ynbraTtbl NIPUMEHEHUS MUKPOBOJTHOBOIO HarpeBa:
m COKpalleHMe BpeMeHM NpoLeccoB

B CHWXEHWE XapaKTepHbIX TeMrnepaTtyp NpoLeccos

m NOBbILLEHNE OAHOPOAHOCTN CBOUCTB MaTepuarnos

m BbICOKasa aHepreTnyeckasi apdekTMBHOCTb Harpesa
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Millimeter-wave processing of materials

High temperature processes — temperature large enough for thermally
activated diffusional mass transport:
Distinctive features of the millimeter wave processing

« Strong mm-wave absorption in most non-metallic materials of interest for high
performance applications. Even materials usually considered as "transparent" for
microwaves (pure Al,O,, SIO,, AIN, BN, Si;N,, ... ) can be successfully heated
atf > 24 GHz;

« Much higher uniformity of the electromagnetic field distribution is attributed to
applicators with L >> A;

« Runaway problem becomes less severe;

« High-intensity wave beams can be easily produced by focusing the mm-wave
radiation in a A2-spot. This makes possible using such wave beams for local
surface treatment of materials similar to the techniques exploited today (infrared
laser, electron beams, plasma flows, etc.).
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Processes under investigation

 Sintering of high performance structural and electronic ceramics
and composites (Al,O,, ZrO,, Zn0O, BaTiO,, PZT, Si;N,, FGM, etc.)

- Sintering of optical ceramics (Re:YAG, Re:Y,0; Yb:(LaY),0,;, YAG,
MgAl,O,), Re —rare earth elements

 Sintering and joining of nanostructural ceramics and composites
(AlL,O,, TiO,, Zro,)

« Rapid thermal processing of semiconductors (Si, InGaAs)

« Chemical Vapor Deposition (CVVD) diamond films and plates
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AL PE3YJLTATBI MUKPOBOJIHOBOI'O

OcobeHHOCTU cnekaHus npn MUKPOBOJTHOBOM HarpeBe.

- luBepcHoe pacnpeaernenne temneparTypbl
- boicTpbIN 1 Bonee ogHOPOAHbLINM Harpes
- CeneKkTUBHbLIN XapaKkTep TeN0BblAENEHNS

IIEKAHUA KEPAMNYECKUX MATEPUAJIOB

- CoxpaHeHune OTKPbITON NOPUCTOCTWN A0 NO3OHMX CTagun CriekaHus
- OgHopoaHast MUKPOCTPYKTYpa
- OrpaHu4eHue pocTa 3epHa

MaTtepuan CkopocTtb CBY Temnepartypa Bbiaepxka npu
HarpeBa, crneKaHus, CrneKaHuum,
°C/MUH. CcB4Y/ CcCB4Y/

Al,O, (0,3% MgO) 50 = 200 1600 / 10/ 120-150
Al,O, (95%, MnO, SiO,) 50 = 200 1500 / 10/ 120
Al,O; (95%,TiO,) 50 + 200 1500/ 10/120-150
Al,O, (10 % ZrO,) 50 + 200 1550/ 10/120
BaTiO, 50 + 100 1250/ 5+10/120
PZT (kpynHblii NOpoLLOK) 50 + 100 1250/ 5+10/90120
PZT (menkuii nopoLuok) 50 + 100 1100/ 5+10

Si;N, (ALO, & Y,0,) 50 1750/ 10 + 15/ 120-150
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%y | CHEKAHUE OBPA3LIOB BOJIBIIOTO

PABSMEPA M CJIOKHOU ®OPMBI

Nznenne u3 Al,O4(0.3% MgO) maccoii 1 kr u pazmepom 20 cwm,
CIIEYEHHOE Ha THPOTPOHHOM KOMILIEeKce, paboTarorieM Ha yactoTe 30 I'Tm.
T=1600°C, t = 20 muH, P,,,=4 kBT. [lonHoe Bpems npouecca 4 yaca

(TpaIuIMOHHEIN Ipolecc 3aHuMacT 36 yacoB). ClieBa oKa3aHa HeCIICUCHHAs
3arOTOBKA.
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PAH MMUKPOCTPYKTYPA

=

Conventionally sintered

-
.

R
Y

?

) - .- BT
83GH2 sintered. &

S

-

MUKpPOCTPYKTYpa credeHHoun
Al,O;-kepamukm
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MEXAHUYECKUE CBOUCTBA

PAH
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@
&
S 800}----------- Y I R
®
- . °
= 600} o I
ES R .
= °
7o) [ )
o 400}
8
<
3
(R 200f e[ e
0 30GHz | 83GHz | 30GHz | 83GHz
CIP treated CIP treated
after drying before drying

Vickers hardness

2500

2000

[
n
o]
<o

[
o
o
o

500

N . °
S e S i _________________
i | ¢ |

®
30GHz | 83GHz | 30GHz | 83GHz
CIP treated CIP treated
afterdrying before drying

[MpoyHoCTb Ha n3rnb n TeepagocTb Al,O5-kepamukn, cneyeHHOM Npu Harpese

MUSIMMETPOBLIM N3NyYEHUEM, 3aMETHO MPEBbLILWAKT 3HAYEHUSA, XapaKTepHble
ONA KepaMuKku, cnedeHHon npu TpaguumMoHHOM Harpese
[S. Sano, Y. Makino, S. Miyake, Yu.V. Bykov, A.G. Eremeev, S.V. Egorov,
J. Mater. Sci. Lett. 19, 2247 (2000)]




?i NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk
P

MuUKpOCTPYKTYpAa CIeYeHHOM NMbe3oKkepaMuku PZT
(PB[Zr 5, Ty 45]O5)

TpaauuMOHHbIW Harpes, MWKpPOBOMHOBLIN HArpes.,
1350 °C, 2 y 1250 °C, 5 MuH




PAH

NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

®YHKIIMOHAJIBHBIE CBOUCTBA

ﬂ,VIGﬂeKTpI/I‘-IeCKVIe N NbE30J3JTIEKTPNYHECKUE NapaMETPbI NbeE3OKEPAMUKN

Marepuain u pexuM CreKaHuUsI € tg o Koad.o11.- [Tbe30MOTyITb
mex.ces3u | (d,4/d,,), 1012 Kin/H

BaTiO,, mw, 1250 °C x 5 min 1410 0.009 0.29 160/ 58

BaTiO,, conv, 1350 °C x 2 h 1295 0.009 0.29 164 / 55

PZT-0, mw, 1250 °C x 5 min 1600 0.018 /141

PZT-0, conv, 1350 °C x 2 h 1560 0.018 [ 137

PZT-2, mw, 1100 °C x 5 min 1110 0.01 0.21

PZT-2, conv, 1150°C x 1 h 1110 0.016 0.21

PZT-3, mw, 1100 °C x 5 min 1290 0.027 0.57 350/

PZT-3, conv, 1150°C x 1 h 1560 0.018 0.51 240/




@ NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

- Bapucropnaa ZnO (Bi,0,, Sb,0,) kepamuxka

The whole time of process
does not exceed 6.5 hours (32
+ 36 hours at conventional

sintering).

The average grain size is 2 +
2.5 times less than those of
conventionally sintered
counterparts.

!

The nonlinearity exponent is by 10 % larger and the breakdown voltage is
2 + 2.5 times larger than those of conventionally sintered counterparts.

100 mm
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NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

HarpeB noJynpoBoJHHKOBOI0 MaTepHuaJjia |

1200

1000

Temperature, °c

800

200 1

150

Actual

I I I I _150
5000 10000 15000 20000 25000

Time, sec

T < 800°C |

Volumetric heating

. g

Start of sintering in the central
region of a specimen

T >800°C

Absorption sharply increases

L g

Heating of the near surface region

. g

Uniform temperature distribution



NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

PAH
JJIeKTpUYeCKHe CBOCTBA
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10,000 The nonlinearity exponent
: of microwave sintered
106D~ samples is by 10 % larger
] and the breakdown voltage
S IS by a factor 2 + 2.5 larger
i than those of conventionally
0.010 .
- sintered counterparts.
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PAH HAHOCTPYKTYPHbLIE
KEPAMNYECKHNUE MATEPHUAJIBI

m [1pn nepexoge kK HAaHOpPa3MepPHOWN CTPYKType (pa3mep 3epHa
< 100 HM) cnenyeT oXuaaTh NOBbLILLEHUS MUKPOTBEPAOCTH,
TPELLMHOCTONKOCTU, NNAaCTUYHOCTH.

m HaHopa3mepHbie NoOpOoLLKM MPON3BOAATCS Pa3NUYHbIMU METOJAMM.
Heobxoanmbl MOHOOUCNEPCHbIE, HEArNTOMEPUPOBAHHbIE MOPOLLIKN.

m OcHOBHOWM Npobrnemoun Npun cnekaHnm HaHOKEPaMUYECKNX
MaTepuanoB SIBNSIETCSA POCT 3epHa Npu BbICOKOW NITOTHOCTM.
[loaxoabl:

- BbICOKOCKOPOCTHOE criekaHune

- pasgerieHne NPoLeccoB YNIOTHEHMS N POCTa 3epHa

- CNeKaHue ¢ NpuoXeHnem gaBrneHus

- ANEKTPOMMNYSIbCHOE (Mf1a3MEHHO-UCKPOBOE) CreKaHne

- nabopaTopHbIe METOAbLI NOMYyYEHNSI MOPOLLKOB BbICOKOIO Ka4yecTBa
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MHUKPOBOJIHOBOE CIIEKAHHUE

PAH

HAHOIIOPOLIKOBBIX MATEPHUAJIOB

B J.A. Eastman, K.E. Sickafus, J.D. Katz et al., “Microwave Sintering of
Nanocrystalline TiO2”, Mat. Res. Soc. Symp. Proc. v.189, 1991, p.273

TiO,, initial grain size <10 nm, py/Piheor = 0.6, f = 2.45 GHz, dT/dt = 70 °C/min
Prinall Pineor = 0-92, average grain size = 30 nm (by TEM and XRD)

B Yu. Bykov, A. Eremeev, S. Egorov et al., “Sintering of Nanostructural Titanium
Oxide Using Millimeter-Wave Radiation”, Nanostructured Materials, v.12, 1999, p.115
TiO,, initial grain size = 30 nm, f = 84 GHz, dT/dt = 50 — 100 °C/min

Prinal Pineor = 0.98 — 0.99, average grain size = 300 nm

Microhardness of microwave sintered samples is about 10% higher than those of the
conventionally sintered samples at same values of density.

M G. Link, S. Rhee, M. Thumm, “Dilatometer Measurements in a MM-Wave Oven”,
in Advances in Microwave and Radio Frequency Processing, ed. M. Willert-Porada,
2006, p.506

Zr0,(3 mol%Y,0,), initial grain size = 37 nm,

f =30 GHz, dT/dt =20 °C/min, Tgering = 1200 °C, 7= 0

Prinall Pineor = 0.99, average grain size < 100 nm

[conventional heating: dT/dt =5°C/min, Tgering = 1300 °C, T =3 h

Prinall Piheor = 0.985, average grain size 150 — 200 nm]



PAH

BbICOKOCKOPOCTHOE MUKPOBOJIHOBOE CIIEKAHHME

Hanopa3MepHbIe NOPOIIKHU MOJY4YeHbI METOA0M 3JIEKTPUYECKOr0 B3PbIiBA IPOBOIHUKOB B
HNucruryre 3aexkrpopuzuku YpO PAH

NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

HAHOINIOPOLIKOBBIX MATEPHUAJIOB

[Mopowiok | YaenabHas HOBEPXHOCTH (M?/T) ®da3oBbIil coctaB | Pazmep wactuil, (HM)
Al,O, 86,4 v -AlLO;, 57% 15
0 - Al,O,, 43%
(AIMg),0, 65 v -AlLO,, 72% 15
(£ 1% Mg) 6 - Al,O,, 28%
Zr0, 95 t-Zr0,, 25% 17
m - ZrO,, 75% 47
Y,0, 55,4 m-Y,0, 15

MarHuTHO-UMIYJIbCHOE MPEeCCOBAHNE HAHOMOPOMIKOB B MHCcTHTYTE
jekTpopusuku YpO PAH
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PAH PEXKHUMbI CIIEKAHHUA U OCHOBHBIE
MEXAHUYECKHME XAPAKTEPUCTHUKHU NOJNYYEHHbIX

KEPAMHUYECKHUX MATEPHAJIOB

Cocran Pexum, [LnortHOCTh | MUKpOTBEPAOCTD | BA3KOCTH paspyuieHus
T(CC)xt(mun) | p/ Preop’ H, Ko
(%) I'Tla MIIaxml/2
AlLO, 1450%2 97,2 20,7 5,15
(AlMg),0, 1450%5 97,8 18,3 3,8
Al,0,(8%Zr0,) 1450%15 97,6 20,4 4,3
AL, O,[8%(97%ZrO, 1450%5 98,2 19,6 5,75
+3%Y,0,)]
Zr0,(3%Y,0,) 1350%5 96,7 11,4 4,8

Jnst kepamuueckux matepuanoB Ha ocHoBe Al,O3, momyyaeMbIX TpaIuIIHOHHBIMU METO/IAMH,
H,~18..20 I'lla, K,c ~ 4 MIla-m?




NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk
MUKPOCTPYKTYPA U UBHOCOCTOUKOCTD

PAH
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N306paxeHnss MukpocTpykTypbl (AIMQ),0O;-kepamMukn, nornyyYeHHble Ha 3reKTPOHHOM
N aTOMHO-CUITOBOM MUKpockonax. CpeaHun pasmep 3epHa nopsgka 200 - 300 Hm.

CKOpOCTb M3HOCa B peXUME CYXOro pesaHuns U3roToBreHHbIMU KepaMU4ECKUMN
nnactmHamm cocrtasuna 2:-107 mm3/(m-H) npn obpaboTke 3aroToBKn 13 3aKanéHHoON
ctann C145 n 2,85-10" mm3/(M-H) npn o6paboTke 3aroToBKU U3 3akanéHHoun ctanm Y8.
Ob6pasLbl NofTy4eHHOM KepaMUKM MO CKOPOCTU N3HOCA YOOBIETBOPSIOT TpeboBaHMAM,
npeabaBsiEMbIM K KEpaMUYECKUM N3OeNUaM, NpegHasHadeHHbIM a4
TPMOONOrMYecknx NPUMeEHEHNN (CKOPOCTb M3HOCA B «MSATKOM» pexxume meHee 1076
mm3/(m-H) ). TpagnumoHHbIe kKepamMuyeckme Mmatepuarnbl UMeKT CKOPOCTb N3HOCAa
nopsigka 3-10° mm3/(m-H).
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HETEMJIOBbIE OOPEKTbI

PAH
100 3]
90 Microwave
x
- 801 <
—
z
8 70
60- Conventional
800 1000 1200 1400

Temperature, 'C

TUNnYHbIE KPpUBLbIE
YNJIOTHEHMUA,
Haobnogaemblie B
CpaBHUTESIbHbIX
nccneaoBaHUAX
MWKPOBOJIHOBOIO U
TPpagULUMOHHOIO
cneKkaHus

M.A. Janney & H.D. Kimrey,
MRS Symp. Proc. Vol. 189, p.217
(1991)




Anddy3noHHoe 3aneymnBaHue TpeLwinH B
nonukpuctannu4yeckom Al,O,

Habntoganack 3aBUCMMOCTb SHEPIM akTUBaL UM

andpdysnm ot nHTeHcmBHocTu CBY nons:

NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

% | HETEMNMOBOE CBY BO3OAENCTBUE HA
ONPDPY3NIO B TBEPOOU PA3E

D occexp (-Q/KT)

Q (k>x/monb)
TpaonumoHHbin Harpes (10 °C/MuH) 69 + 21
MwukpoBonHoOBbIN MeaneHHbin (10 °C/MuH) 193 £ 16
MwuKpoBoOnHOBbIN ObICTPLIN (75 °C/MUH) 140 + 49

[B.A. Wilson et al., Materials Research Bulletin, 32, 1607 (1997)]
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PAH
YBa, Cu 0, —/~
| |
YbBa, Cu, O, T[\— @
\
NONAPU3ALNOHHAA
3ABUCUMOCTDb
ONDODY3NU TP CBY
HAI'PEBE
[A. G. Whittaker, Chem. Mater.| W .
2005, 17, 3426-3432] Silver / Sodium B’-Alumina,
3 days. Ca. 250°C

Yb /YBa,Cu,0,
5 days, Ca. 600°C

Fard

Yb/ YBa,Cu,0,,
3 days, Ca. 700°C




counts in %

NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

PAH OPUEHTALUWA NMOP NMPU CBY HAITPEBE
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NHCTUTYT npuknagHon pusunkmn Poccmnnckon Akagemmm Hayk
U3MEHEHUWE TEMIMEPATYPbI ®A30BbIX MPEBPALLEHUWU

20
motor

Coanxial
connection

/ Agl

In situ XRD

to fluoroptic temperature probe

under
microwave
heating

microwave

T,~380£10K ||’

47

conventional

4
43
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29/0

T~412+2K

[G. R. Robb, A. Harrison and A. G. Whittaker. PhysChemComm, 2002, 5(19), 135]
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NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

da3zoBas Tpanchopmanua B Hano — Al,O,

0%

500

[TonumopdHbIe mpeBpalieHus Mo Mepe
YBEJIIMYEHHUS TEMITEpaTyphbl 00pasiia

Y — 0/0* — 0 — a

Merton — mnpu 3aTaHHOM TEMIEpPAType
oOpa3lia H3MEHECHUE HaNPSKEHHOCTH
MOJISl IOCTUTAETCSI U3BMEHEHUEM YCIIOBUI
TEIIOM30JISIUK 00pa3ia

» @azoBasi TpaHcPoOpMalUsl YCKOPSETCS
npu CBY Harpese

* YCKOPEHUE HEMOHOTOHHO 3aBUCUT OT
HAIPSIKEHHOCTH MOJIS
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PAH Inacruyeckas negopmanusa npu CBY-narpese

-

I~
1

emilnl

_SJJ AN
1

1 - tested sample, 2 - ceramic
rods, 3 — thermal insulation,

4 - displacement sensor , 5 — wall
of applicator, 6 —bellows, 7 — gas
balloon

Composition Relative density | Grain size,
um

Al O, 0.98 0.55

Al,O;-8wt% ZrO, 0.98 0.34

(3%Y,0,)

Al,O;-1wt% MgO 0.98 0.53

Compressive creep tests were carried out

at temperatures in region of 1200 - 7400 °C

sunder stresses in region of 20-80 MIla

*in air atmosphere

«in automatic control regimes

Heating rate — 10 C/min.

accuracy of linear shrinkage measurements =+ 2.5 um.
Pressure was applied after reaching the maximal

temperature.
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PAH

AlLO,-8Wt% ZrO, (3%Y,0.)

Triift i

1300 C, 77 MPa, 7 h initial 1300 C, 50 MPa, 7 h initial 1400 C, 60 MPa, 2.5 h

*The maximal strain rate was > 2-10- s*1 for all tested ceramics
at the temperature of 1400 C and stress of 60 MPa,

*The compressive strain exceeded 70%o at highest temperatures
and stresses
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NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

de/dt =A (e "/ dP) exp(-Q / RT),
dedt is strain rate, o is applied stress, d is grain size, Q is activation energy

1.E-03 ¢
d Strain rate vs. stress for compression of
1.E-04 + C samples under microwave heating:
0 : b (a)- Al,O; — 8wt.%ZrO, (3% Y,0;) at 1300 ° C,
% ./ a (b) - Al,Ozat 1300 ° C,
O E05 ' * (c) - Al,O; — 1wt.% MgO- at 1300 ° C,
| i . (d)- Al,O; — 8 wt.%ZrO, (3% Y,0;)- at 1400 C
1.E'06 T T T T T T T
10
o, MPa
Composition | Al,0;, AlL,O, — 8wt.%Zr0, (3% Y,0,), | AlLO;—1wt.% MgO | ALLO,—8wt.%ZrO, (3% Y,0,),
at1300C | at1300C at 1300 C at 1400 C
n 1.02 1.01 1.06 0.93
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PAH SHEPI'USI AKTUBALIUU IIIACTUYECKOH JE®OPMALIUU

1.E-11

Strain rate, divided to stress, vs
reciprocal temperature (c, = 60 MPa):
(@) - ALO; — 8wt.%ZrO, (3% Y,0,),
(b) - ALO;,

(c) - Al,O5 — 1wt.% MgO

deldtx1/o, s/Pa
m
X

1TEA e
0.00058 0.0006 0.00062 0.00064 0.00066
1T, K
Composition | AlLO;, | ALO; - 8WL%ZrO, | Al,O5— 1wt.% MgO Under conventional heating:
(3% Y,0,), Q = 600-800 kJ/mol in Al,O, (add..ZrO,)
Q, kJ/mol 480 500 390 Q =500-600 kJ/mol in Al,O4 (add..MgO).
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W | TBepaoda3ublii peaknuonnsblii cunte3 Y;AI:O,,

OOpa3ubl CKOMIIAKTUPOBAHBI U3 CMECU CyOMUKPOHHBIX TOPOIIKOB Y,05 u Al,O4
CTEXHOMETPUYECKOTO cocTaBa 3 : 5.

NpenTnyHbie peXXUMbl MUKPOBOJIHOBOI'O U TPAJULIMOHHOI'O HArpeBa.
PentrenoBckuil (pa3oBbIi aHATN3 TPOAYKTOB pEAKIIUN.

tween 10007 and15300°C. In the AlLOs—Y 505 system, three phas-
es are known, monoclinic phase (YAM, Y4Al,Oq), perovskite
phase (YAP, Y AlOs), and cubic phase (YAG, Y3Al0,,), and
the reaction temperature of each phase was reported by Kins-
man et al.'?

2Y,05 + AlLO3; — Y4ALOg (YAM) 900°—1100°C
Y4ALOg + ALO; — 4YAIO;  (YAP) 1100°—1250°C
IYAIO; + AlLO3 — Y3Als012 (YAG) 14007 —1600°C

OnpenejsoiuM CKOPOCTh CHHTE3a MPoLeccoM sBjasieTcd Auddy3us uoHa
APF*BY,0O,
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PAR Yckopenue cunTe3a YAG npu MUKPOBOJTHOBOM
HarpeBe
100
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=4 oven
30 ﬁ
' — ki
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PAH YMmenbmieHue kojandecrsa Y,O; B
peakuuu ¢ Al,O,
80
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PAH JIBYXCTAJIUMHOE CIEKAHUE

. T, Mormal sintering
. N
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/
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Grain size (nm)

Relative density (%)

Figure 2 Grain size of Y,0, in two-step sintering. (Heating schedule shown in inset.) Note
that the grain size remains constant in the second sintering step, despite density

improvement to 100%.

[I.-Wei Chen & X.-H. Wang, Nature, 2000]

NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk

AByXcTaAUMHbLIX MeToA CreKaHus
ucnonb3yeT pasfninine B KNHETUKe
Andcpy3um no rpaHnLam 3epeH u
MUrpauum rpaHuy 3epeH. Murpauymsa
rpaHuL, 3epeH MOXET BKItoYaTb B cebs
npoLecchl ¢ bonee BbICOKOW aHepruemn
aKkTusauuu, 4em audpdysunsa no rpaHuLam
3epeH. [1pn NOHMXKEHHbIX Temnepartypax
MUrpauma rpaHunl, 3epeH MoXeT ObITb
3aTpygHeHa HU3KOM NOABMXKHOCTBLIO CThIKOB
3€epeH M CTbIKOB rpaHuL, C nopamu,
NOCKOSbKY 3TN npouecchl UMetoT bornee
BbICOKYIO QHEPrmnio akTuBaunmn. 3To MOXeT
OOBbSACHATL HAbngaemoe nogasneHue
poCTa 3epeH Mpu HU3KNX Temnepartypax.
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AR MUKPOBOJIHOBOE JIBYXCTAJJUHUHOE
CIHEKAHUE: NEPBBIE PE3YJIBTATHI

J.G.P. Binner, K. Annapoorani, A. Paul, |I. Santacruz, B. Vaidhyanathan. Dense nanostructured
zirconia by two stage conventional/hybrid microwave sintering. Journal of the European Ceramic
Society, 28, pp. 973-977 (2008):

- nopowok ZrO, + 3 % Y,05 co cpegHm pasmepom Yyactul, 16 Hm

- crneymanbHO pa3paboTaHHbIM XMMUYECKMIA NMPOLIECC AN NONYyYeHUst AearfioMepupoBaHHbIX
HAHOCYCMEH3UN U LUNIMKEPHOro NUTbs 0bpasLoB

- ABYXCTaguMHbIA Npouecc MUKPOBOMHOBOro rmbpuaHoro Harpesa ¢ T, = 1150 °C (Bpems
BblAep>KKn 6 ¢) n T, = 1000...1050 °C

- O cCpaBHEHUSA Mcnonb3oBarncsa TpaauuMoHHbIM U OOAHOCTaAUNHBIA MUKPOBOSTHOBbLIWM HarpeB

Pe3ynbraThbl:

- UICMNOSb30BaHNE MUKPOBOSTHOBOIO MMOPMAHOIro HarpeBa No3BOoMsAio NOyyYnuTb MEHbLLUNIW pa3mep
3epHa npu 3agaHHON KOHEYHOW MIOTHOCTH,

- UCMOJSIb30BaHWE ABYXCTaAUWUHOIO CrieKkaHUs No3BOSANO0 COXPaHUTb OYEHb MESTKMK pasmMep 3epHa
NpW OOCTMXKEHUN NPAKTUYECKU MOSTHOW NIOTHOCTMU;

- NpY TpaaAULUMOHHOM Harpese pes3kun pPoCT 3epHa HadyuHanca npu nnotHoctax 90-95 %; npwu
OOCTMXKEHUM MONMHOW NSIOTHOCTU CpeaHun pasmep 3epHa 6bin 160 HM n 6onee;

- coYeTaHne MMUKPOBOJSTHOBOIO rMbpmnaHOro Harpesa n MeTtona ABYXCTaAUMHOMO CrieKaHus
NO3BOSINII0 MNOSTYyYNTb KOHEYHbLIN pa3Mep 3epHa B AnanasoHe 60 — 80 HM npu JOCTUXKEHUN
nnoTtHocten 6ornee 99 %.
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MHUKPOBOJIHOBOE CIIEKAHHUE C
IMPUJTOKEHUEM BHEIIHETI'O JABJIEHUSA

PAH
Servecontrol
hydraulic pressing
TH Closed loop
& digital control
of displacement
Thermo -0 Sample
couple / )
Load cell
—— —
| — | m— |

Figure 3. The millimeter wave thermo-mechanical
processing for pressure sintering with multi-variable
control.  The bulk nanocrystalline synthesis and forming

in ceramics.

[Mpouecc, ncnosnb3ywmnn Harpes
N3Ny4YeHNeM MUNIIMMETPOBOIO AManasoHa
C NPUNOXEHNEM BHELLHErO

OaBreHns, no3Bonu NonyynTb, bnarogaps
adopeKkTy cBEPXMNIIACTUYECKOro

TeYeHUs!, NOSTHOCTBLIO MNITOTHbIN
Kepamudeckun martepuan (ZrO, -
3mol%Y,03)s,(Al,035)35 C pasmepom 3epHa
28 HM NpY OTHOCUTESIBHO HU3KOW
Temnepartype, 1473 K.

[H. Kimura and Y. Yamazaki, “Millimeter Wave Thermo-
Mechanical Processing for Bulk Nanocrystalline
Ceramics”, Proceedings of International Microwave
Power Institute’s 40th Annual Symposium, 2006, p.52-
55]



NHCTUTYT npuknagHon gomnaunkn Poccumnckom Akagemumn Hayk
MHUKPOBOJIHOBOE CITEKAHUE OIITUYECKH

PAH

ITPO3PAYHOMU JIABEPHOU KEPAMUKHN

Recently, rare-earth ion doped ceramic (polycrystalline) laser materials have attracted
attentions due to several advantages of great practical importance:

--- easy to fabricate large-size samples at a rather low cost
--- host material can accommaodate high rare-earth ion concentrations, up to 10%

--- the properties of ceramic laser media can be tailored
--- design flexibility

--- capability of mass production

The results of the research into the optical properties of optical ceramics have
demonstrated they are good candidates for high power lasers

Benefits of microwave sintering
*  pure atmosphere (no hot elements)

- weak requirements to vacuum

- T(r) —distribution favorable for pore outflow
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PAH PaccessHue cBeTa B MNOJIUKPUCTAINICCKOM

MaTepuaJe

Optical Scattering Sources in
Ceramics

The challenge is to produce
polycrystalline ceramics with
minimal optical loss, originating from

- pores,

( 1) Scattering due to

inclusions or pores —
( 2 ) Scattering by grain

—_—

boundary - second phases,
{313, Rofloetion' & Double: —- - grain boundary impurities,
refraction at boundary

- compositional gradients,

- lattice imperfections causing
local modifications in refractive

( 4 ) Scattering due to — N

Surface Roughness

index.

From A.lkesue et al.

Annu.Rev.Mater.Res. 2006, 36, 397-429
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Optical Properties of Sintered 3%Nd:Y,0O

PAH

and 9.8%Yb-YAG ceramics

3

3%Nd:Y,0,

Pexum ciexkanusgs 1900 °C X 4 yaca

[Tpomyckanue 6e3 y4yeTra OTpaKeHUS:
0.795 mpu A =400 nm

0.82 mpu A =1000 nm

KoappuuueHTt ontruueckux noreps npu A
=1 um
a =0.045 cm

1(2)
1,()-(L-RY’

a(@):—%.ln[

Kepamuaeckue obpaszer Nd:YAG
JIA3€PHON KEPAMUKH, TPOU3BOIUMBIE
KOMIIAaHUEHN

Konoshima Co., Anonus, umerom

a=0.009 cm!
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BBICOKOCKOPOCTHOM OTXKUTI'

PAH
NMITVIAHTUPOBAHHBIX ITOJYITPOBOAHUKOBBIX
CTPYKTYP

1100 %,3000 — -Benchmark
G ] /\ = .\ ' BF2
= 900 \ % " » BF3
‘E 800 // \ \\ ELooo °_" \\\ o Literature
N/ N | 8] 2e s
= 600 S— ' T =

500 / . T 100 nm

0 2 4 6 8 10 o 10 2.0 3IO 4IO 5.0 60
Time, sec Dopant depth (nm)

The time interval of high diffusion rate The mm-wave anneals correlate well
(T >950°C) is 1.7 times shorter with the best infrared data
with microwaves than at infrared

_ [K. Thompson, J. H. Booske, Y. Gianchandani,
heating

R. Cooper, Yu. Bykov, A. Eremeey, |. Plotnikov
Proceedings of the 9th International
Conference on Advanced Thermal Processing
of Semiconductors (2001), pp. 190-196]
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PAH

Millimeter-wave applications
for CVD diamond films production

Comparison of reactors

Growth rate (D. Goodwin, 1993) _
operating at different frequencies

[CH, ) H]

oC
3'10150m_3+[H] 2.45 30
GHz GHz
Relative defect density
_ ~5.1011 | ~5.1012
G Density of electrons, N, > 2 > 03
Xdef oc [H]K K~ 2 cm cm
: Maximum density of ~2.1016 | ~5.107
where concentration of H atom and CH, atomic hvdro eny[H] 2 193 > 193
radical near substrate are in cm yarogen, 1Flmax | cm cm
CH, + H<> CH, + H, Density of atomic ~6.1014 | ~5.1016
hydrogen at the surface cm-3 cm-3
of the substrate, [H],,,
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PAH

|AP millimeter wave MPACVD reactor

Millimeter wave radiation

) 4

Increase of electron density

) 4

Increase of specific power and
density of active particles

1 — gyrotron, 2 — mode convertor,

L] 3 — waveguide feeder, 4 — wavebeam
former, 5 — set of mirrors, 6 — vacuum

H chamber, 7 — gas mixture supply, 8 —
pumping out system, 9 — microwave

plasma.

Operation frequency 30 GHz Gas mixture H,+ CH,+Ar+CO,
Microwave power <10 kW Sample diameter 75 -90 mm
Gas pressure 50 - 450 Torr Growth rate ?? um/h
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PAH

Millimeter-wave applications
for CVD diamond films production

Comparison of reactors

Growth rate (D. Goodwin, 1993) _
operating at different frequencies

[CH, ) H]

oC
3'10150m_3+[H] 2.45 30
GHz GHz
Relative defect density
_ ~5.1011 | ~5.1012
G Density of electrons, N, > 2 > 03
Xdef oc [H]K K~ 2 cm cm
: Maximum density of ~2.1016 | ~5.107
where concentration of H atom and CH, atomic hvdro eny[H] 2 193 > 193
radical near substrate are in cm yarogen, 1Flmax | cm cm
CH, + H<> CH, + H, Density of atomic ~6.1014 | ~5.1016
hydrogen at the surface cm-3 cm-3
of the substrate, [H],,,
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v GYROTRON SYSTEM FOR

DIAMOND CVD

A test gyrotron window unit with a @
75mm polycrystalline diamond disk
30 GHz / 10 kW gyrotron brazed in

system for enhanced growth
of diamond films
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ctron cyclotron resonance ion sources (ECRIS)

« ECRIS are the most frequently used ion sources for heavy ion

accelerators. Now more than 40 ECRIS are operating over the world
using X-band microwave pumps (f ~ 6 — 10GHz). Very good properties:
high charge states production (up to Art8* or Pb*9*), wide range of species
(from any gas to Ta or U).

« Trend: higher magnetic field, higher microwave frequencies to achieve

higher charge states or higher current of low- to medium-charge state.

Using mm waves promises production of non-equilibrium plasma with
unique parameters: electron density up to 10%° m-3 and keV electron
energy, which is optimal for MCI generation and multi-mA production of
light ion beams for industrial applications.
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oA GYROTRON SYSTEMS FOR ECR ION SOURCES

Gyrotron mm-wave radiation produces non-equilibrium plasma with unique
parameters: electron den5|ty up to 10%° m-23 and electron energy ~ keVs, which
AVA IS optimal for high-charge ion
generation and high-current
light ion beams for industrial
applications.

10..15kW / 28 GHz gyrotron
systems installed at:
= |[nstitute National de
Physique Nuclearie et de
Physique des Particules,
Grenoble, France;
= Gesellschaft fr
Schwerionenforschung (GSI),
Darmstadt, Germany;
= |stituto di Fisica del Plasma,
Milano, Italy

[~

mode filters /
vacu
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ANEKTPUHECKU 3APAXEHHbBIE BAKAHCUA
B NOHHbIX KPUCTAJIJIAX

® ® ® ® O Arcas with non-compensated charge

Positive vacanc relation for mobility,
o o ° ‘\\0\ / . A

H_ G
Negative vacancy | D kT
Nernst — Einstein

.....

Flux of D. Q.
o000 0 vacancies: | J+ =~ De Ve # No ——— E
- \\ v J \ ~ J
p— Diffusion part Drift part
- Diffusion part| = |Drift part | when E ~ 3 V/cm

NMepemelneHme nopbl B NaCl B noCTOSHHOM anekTpudeckom none, E ~ 70 V/cm

|.M. Lifshitz, A.M. Kossevich and Ya.E. Geguzin, J. Phys. Chem. Solids 28, 783 (1967)
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PAR NMOHOEPOMOTOPHbIN 3®DEKT

KoHe4yHasa npoHMLaeMoCTb

nOoBepPXHOCTU ANA BaKaHCUW

[A. E. l'ery3uH, 1973]
Jis :IB(NS - No)

BbICOKOYaACTOTHbIE BO3MYLUEHUA

KOHLEeHTpauuun BakaHCUM
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