CrnexaHnue

CnekaHue — YNpPOYHEHUE W YNSIOTHEHME MOMMKPUCTANNUYECKMX BELLECTB
npu TepmoobpaboTke

[poLiecchl, NpoTekatoLue npu cnekaHum (NoBbILLEHNE NMPOYHOCTU N NITIOTHOCTH):
-YMeHbLUeHe obbema nop, nameHeHne opMbl Nop, ycaaka,
-YBenu4yeHne nroLiaan KoHTakTa Mexay Yyactmuamu,

-Poct 3€pEeH, AIMEHEHNE UX (*)OprI W YKInagku no OTHOLWWEeHWUIO APpyr K ApYyry

OcHoBHaa ABwKyllas cuna — yMeHblueHune oblen csobogHOM NOBEPXHOCTU
NOPOLLKOBOW CUCTEMBbI

[TapameTpbl Nnpouecca — Temneparypa, Bpems

YpaBHeHue KenbBuHa

m




OCHOBHBIC THIIBI CIICKAHUSA

-XKnpgkocTtHoe cnekaHue: (3a cyeT npoueccoB anddysnm B pacnnase)
-TBepaoda3Hoe criekaHue (3a cyeT npoueccoB anddysnm B TBEPOOM Terne)
-CnekaHne noa paBrneHneMm («ropsiiyee rnpeccoBaHne»)

-PeakunoHHoOe cnekaHune (NpoTekaHne XMMnM4eckon peakuum nu obpasoBaHumne
HOBbIX dbas)



MexaHu3M BSA3ZKOI'0 TCUCHUSA

Ycnosve: n3onuposaHHas nopa paaumyca R pacnonoxeHa B
N30TPOMHOWN HBIOTOHOBCKOW cpeae, AedopMaL st MPOUCXOANT Npu
CKOJb YFOAHO MarnbIX HaNpPsXXeHUsIX 1 cKopocTb AedopmaLmm
nponopunoHanbHa NepBoON CTENEHN HaNPSXKEHUIA.

Mpwn manbix gaBneHnsax p<<2y/R , y - NOBEPXHOCTHas aHeprus, npw
YCIOBUM paBeHCTBa paboTbl CUN BHYTPEHHETO TPEHUS NMOHUXKEHWUIO
CBOOOAHOWM 3HEPrUK NOBEPXHOCTM 3ane4mBaemon nopbi:

R=R,-Yyt/n (ypaBHeHne ®peHkens)

N - koappuumeHT BaskocTu. Mpn p>>2y/R , R=R (1-p t/ 2n)
Bpemsa nosnHoro 3anednsaHug nop:

t=@2n/p)in(1+R,p/2Y)
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B3auMonencreue 4acTHIl
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(a). MexaHn3m BA3KOro TEYEHUS Yallle XxapakTepeH ansa aMopdHbIX Ten. PaccToaHne mexay LeHTpamu YyacTtul
YMEHbLUAETCHA, OHM cbnmxalTcsa. PasmMep KOHTAKTHOro nepellenka YyBenn4MBaeTcsl NponopumoHaribHO
KBagpaTty BpemMeHu: Xx>~t. ApdeKTUBHasA BA3KOCTb TEYEHWS MPU 3TOM MPONOPLMOHanbHa KO3PdULIMEHTY
Andysnmn KOMMOHEHTOB.

(6). MexaHnam obvemHoM Audy3nm, Npu KOTOPOM CTOKOM BaKaHCUM, BO3HUKAKOLLMX BOMM3N BOFHYTOWM
MOBEPXHOCTU MepeLLeka, ABMAeTCA ero BbinyKnas rnoBepxHocTb. COMMKEHNs YacTuL, He MPOUCXOOUT. X ~t.
(8). MexaHnam obbemHon anddysnn, Korga CTOKOM N3BLITOYHBLIX BAKaHCUIA CRYXXUT HEMOHOKpUCTanImM4yeckas
(amopchmnanpoBaHHas) rpaHuua Mexay KpynuHkamm Unuv gucnokauus BHYTpU Hux. Yactuubl conukatotes, a
x°~.

(r). NMoBepxHOCTHaa anddysmns. x’'~t.

(a). MNMepeHoc 4epes rasosylo dady nog AENCTBMEM Pa3HOCTM PaBHOBECHbLIX AaBNeHWMn BOGNN3M BOrHYTOW U
BbINYKIIOM NMOBEPXHOCTEN nepeLlenka. x°~t , npu Masnbix CTEMNEHsAX CnekaHmnsa x°~t.

(e). MpaHunyHas auddy3us BOOMb rpaHuL, pasaena vyactue: x4~t.
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FIGURE 24.5 (a, b) Sintering and curvature. The two-sphere
model showing the transport paths, the two curvatures (p and x),
and the process leading to densification.
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Ficure 8.2 Two-particle model made of glass spheres (3 mm diameter) sintered at
1000°C. (x and a represent the radius of the neck and the sphere, respectively.). (From




TABLE 8.5 Plausible Values for the Constants Appearing in Eqs. (8.34) and (8.35) for
the Initial Stage of Sintering

TaBLE 8.1 Mechanisms of Sintering in Polycrystalline and Amorphous Solids

Mechanism m n H°
Surface diffusion® 7 4 56D 8y {2
kT
Lattice diffusion from the surface® 4 3 20Dy, (2
kT
Vapor transport® g 2 3poys (2

(2mmkT)'"*kT

Grain boundary diffusion 6 4 96D 585y )
kT
Lattice diffusion from the grain boundary 5 3 80 Dyy{)
kT
Viscous flow 2 1 3Ysv

2n

“Denotes nondensifying mechanism, i.e.. AL/Ly = 0.

vD,. Dy, Dy, diffusion coefficients for surface, lattice, and grain boundary diffusion. 8,, &, thickness
for surface and grain boundary diffusion. -y, specific surface energy: p,, vapor pressure over a flat sur-
face; m, mass of atom; k, Boltzmann constant; T absolute temperature; v, viscosity.

Source of Sink of Non
Type of solid Mechanism matter matter Densifying densifying
Polycrystalline  Surface Surface Neck X
diffusion
Lattice Surface Neck X
diffusion
Vapor Surface Neck X
transport
Grain Grain Neck X
boundary boundary
diffusion
Lattice Grain Neck X
diffusion boundary
Plastic flow Dislocations  Neck X
Viscous flow
Amorphous Unspecified  Unspecified X
7
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TlocneoBaTesibHbE CTAAHH -CleKalHsa n

eccoBaHHOro 06[)831.[3 COCTOs-

Wero H3 CpepHYyeCKHX YaCTHL, OT HA4aJbHOro (18 f0 KoHeuHoro (lg) pasmepa.
a — MexaRH4YecKHH KOHTAKT 4acTHl; 6 — o6pa3oBanHe mepeniedAKoB; & — 00pajoBaHHe 3aKphl-

THIX NOP; 2 — OKPYIACHHE Nop; & — HCHE3INOBEHNE MOp.

Ta6nuna XapaKTepHCTHUECKHE MOKA3aTeH CTEMeHH B KHHETHYECKHX
- ypaBHeHUsX, OTHMCHIBAIOIUKX HAYANbHBIE CTAAHH CHEKaHHS &

Nubde-
p&ﬁ;xge' Jluneltsan yeaaka ,‘:g:u;:::_' 3akon nonoGus
Henue
MexanuanM mMacconeperoca A
Al ,.m ts rs =,
el o PR a=ka" T,”(T)p 7
Ucnapeune u3 Bumykasix| 1/3 - - 3—1
1Op H KOHAEHCAUHA Ha BO-
THYTHX nepelreikax
Tlosepxnocthas nadbdysus| 1/7 —_ — 7—3
Baskoe uaum maactuunoe| 1/2 1 0 2—1
TeueHne :
Jludpdysus no rpamuunanm| 1/4 1/2 -—1 —
sepeH ¢ 06pa3oBaHHeM Ba- :
KaHCHi
Juddysua no rpamxuam| 1/6 1/3 —2 - 6—2
3epeH TOCPEACTBOM JIBH-
JKEeHHs BaKaHCHit
O6bemuas nuddysna kme-| 1/5 2/5 —2/3 5—2
peurefikaM

a Ta6axua apaer HaGop nNokasatesell CTENEHH M, XapPaKTePHBIX /s JAZHHOrO
THMa MaccOmepeHoca, KOTOpLift ompejensier pocT NepeweikoB (paguyc X) H 39Kc-
TPAMONUPOBAHHYIO JIHHEHHYIO YCaAKy & (NPOMOPLHOKAJIbHYIO H3MEHEHHI0 paccTos-
HHS MEXIV UEHTDAMH uacTHil).

[Mpu xnakodasHOM cCnekaHUun:

1.

[MeperpynnunpoBka yactuy
nyTeM B3aMMHOIO
NpocKanb3biBaHUA

2. [lepeHoc maTepuana 4yepes

XUOKy pasy, npu aTom
HacbILLEHWE XNaKon dasbl
NPONCXOAMNT 3a CYET
paTBOPEHUSA MESIKMUX YacCTuL,
N KOHTaKTHbIX Y4aCTKOB,
XUMUYECKUIN NOoTeHUMarn
KOTOPbIX MOBLILLEH N3-3a
HaNpPsXXeHUn 1 np.

3. (ObpasoBaHue XecTKoro

CcKereTa, 3aliedmnBaHune rnop



MoneJn Iluaeca

[Topa — KnacTep BakaHCUM.

B maTepuane okono nopbl CyLLECTBYET U30bITOYHAsA KOHLIEHTPaHLUUS
BakaHCUI, 3aBucsLLasn oT pasMmepa (KpUBU3HbI) MOPbI U FPaaUeHT 3TON
KOHLIEHTpaLMM OT rpaHuLlbl B BELLECTBO.

AC=20VOCO/ rkT

[TponcxoguT «mMcnapeHne» nopbl B BeLwecTBo No Anddpy3noHHOMY
MexaHn3my, bonee MHTEHCUBHOE ON19 MaribiX Nop.



PeaabHast KpuBasi ClIEKAHUS

PpeHKenb [MnHec
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DopMaIbHOE ONMMCAHNE YCAAKH

dV/dt=-B * N * V (ypaBHeHue ViBeHCeHA),

V — Tekywuii oobem nop, V, — HavanbHeIn 06bem nop, N —
KOHUEHTpaumsa edeKkToB

dN/dt = - AN?
A=aexp (-E_/RT)
B =b exp (-E,/RT)
Ln (V/V,) = -b/a exp (-AE / RT) In(aV exp(-E_/RT) t +1)
V=V, (gmt+1)y"m

g — CKOPOCTb yCalKu B Ha4YanbHbIN MOMEHT CreKaHus,
M — MHTEHCUBHOCTb NMnaaeHmnsa CKOPOCTU B rpouecce CriekaHus




Cragum pocra KPUCTAJLJIUTOB

[lepBu4yHas...

CobupatenbHas...

Bmopuy4Has pekpucmarnnusayusi

AHOManbHbIN POCT 3epHa,
. nageHune nnoTHOCTU KepaMUKn
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(a) Normal grain growth
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Size

(b) Abnormal grain growth

Number fraction

Ficure 9.4 Microstructures illustrating (a) normal grain size distribution in an alumina
ceramic, (b) initiation of abnormal grain growth in an alumina ceramic, (c¢) normal and
abnormal grain growth in a porous nickel-zinc ferrite, and (d) an alumina ceramic that
has undergone considerable abnormal grain growth. [(a) and (b) from Ref. 1; (c) and (d)
from Ref. 2.)
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B3aumoaencrBue nop (BKJIKWYEHUN) ¢ TPAHULIAMM:
Moaeab 3uHepa (Zener model)

Grain Teo
boundary

Oﬁ-

Farlicle

(@) (b)

in the polycrystalline solid. Taking a grain boundary with principal radu ¢
ture a; and a;, the driving force (per unit area) for boundary motion is

'l :
ﬁ-=“rxe-[_+

X
ﬂ:

Assuming that a; and a; are proportional to the graimn size G, then

o
F;:A
e

F = (T#. cosﬁ)(?_nrsinﬁ)

The retarding force 1s a maximum when 6 = 45°; so sin 6 cos 6 = 1/2,;

F™ = mnry,

r

If there are N, inclusions per unit area of the grain boundary, then the m:
retarding force (i.e., per unit area of the boundary) is

F:';I’m = N.{“r':f'gb

N,=2rN,
If the volume fraction of the inclusions in the solid 1s f. then

f
(4/3)m

Vv

Substituting for N, in Eq. (9.52) gives

m_EfTS"J
o= 2r

The net driving force per unit area of the boundary 1s

- ‘o 3f
=0 — 5 —Tgb(a = E]
When Fy; = 0, boundary migration will cease, and this occurs when
2o
G, =——
- 3 f

4

where G, 1s the limiting grain size. Equation (9.57) is sometimes referrel
the Zener relationship. It indicates that a limiting grain size will be reach




(F)

(C)

Ficure 9.46 Late stage sintering of a powder compact. The two contributions to free
energy reduction are (1) densification (lower part of figure) where the arrows show the
direction of atom flow and (2) coarsening or grain growth (top right) where the arrows
show the direction of boundary movement. (From Ref. 90.)

(D)

FIGURE 24.14 (a—c) GB/pore interaction: the break-away process.
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FIGURE 24.24 Pores trapped in grains.



KapTa cnekaHus, TpaeKTopus crekaHus
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Case study: oNTUYECKUN Npo3pavHas KOpyHAOBasi KepaMuKa

+0.1% MgO

Figure 9.3. Abnormal grain growth of alumina in the presence of a liquid phase."® Al,O; 1 7
powder compact (~0.05 wt% anorthite) sintered at 1580°C for 12 h in air. (Reprinted with
permission of the American Ceramic Society, www.ceramics.org.)




KoHkpeTHbIMU ITpeIIoKEHHbIE MeEXaHU3MBbI JeiicTBus MgO:

1. Peaxnus MgO ¢ AI203 ¢ oOpa3zoBaHHEM METKUX YacTHI] BTOpoi ¢da3zet MgAl204 u3-3a
n30beiTka MgO BBIIIIE Mpejienia paCTBOPUMOCTH, KOTOPBIE CBSI3bIBACT IPAHUIIBI MEXaHU3MOM
TUMa 3uHEpa U MPEJOTBPAIAIOT AaHOMAIBHBIA POCT 3€pHAa.

2. MgO B TBepIOM paCTBOPE MOBBIIIAET CKOPOCTh YINIOTHEHHS 33 CUET YBEIUYCHUS
ko3 dunmenra oobemMHON AU Py3un 11t HOHOB Al, KOTOpPEIE, KaK MPEATIONTaeTCs,
SBISIFOTCS. MU PYHAUPYIOMIMMHI YaCTHIIAMH, TUMHTUPYIOIUMEU ckopocTh. (IIpennonaraercs,
9TO MOHBI KHCIIOopoaa ObicTpee muGyHANPYIOT BIOIb IpaHul] 3epeH.) bonee OpicTpoe
YIUIOTHEHHE TIO3BOJISIET IOCTHYB TTOJIHOM TUIOTHOCTH JI0 Hadajla aHOMaJIbHOTO POCTa 3epHa.

3. MgO noHmxkaeT IByTpaHHbIN Yrojl, H3MEHSSI OTHOCUTEIbHBIC 3HAUYECHUS SHEPTHH TPaAHUIIBI
3€pEH U MOBEPXHOCTHOU SHEPTUU. [|Jisi MOPBI MOCTOSTHHOTO 00beMa YMEHBIIIEHNE
JIBYTPAHHOTO yIJIa IPUBOJUT K TOMY, 94TO OOJIbIIAS IJIOMIAbh TPAHUIIBI IIEPECEKACTCS TTOPOA,
MO3TOMY CHJIa CONPOTHBIICHUS HA TPAHULIEC YBEIIMUUBACTCS.

4. MgO ycunmBaeT CKOpoCTb MOBEPXHOCTHOM I dy3uu B A1203, TeM caMbIM HOBBIIIAsS
MOABIKHOCTB TIOP 32 CYET €ro 3aBUCUMOCTH OT K03(puiineHTa moBepxXHOCTHOH muddy3uu,
II03BOJISIS TOPAM MUTPUPOBATH C TPAHUIIEH M N30€raTh aHOMaIbHOTO POCTA 3€PEH.
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