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Fractography

=Optical & electron microscopy

sdamages at surface, in thin layer - final stage of fracture
=Volume Nanosructures - structural changes before the fracture

SANS

sMetals and alloys (thick layers ~ cm)

mexcept of elements with high absorption (Cd, Gd, B, Li etc.)
=X-rays are strongly damped in metals

mIsotopic contrast for structural elements

=Polarized neutrons: nuclear and magnetic structures
=(magneto-elastic effects, magnetic inclusions)

= Wavelength variation: A= 0.2-2 nm

= Multidetectors

= scales ~ 1-103 nm:

= point defects, dislocations, precipitates, pores and cracks






Welded joint scanned by neutron beam
i SANS on base and welded metal
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Scan over welded joint

SANS, Neutron beam diameter = 2 mm,
A=0.609 HM, AL/A=0.1

Plate 150x100x3.5 mm?3 of stainless steel
Central region of welded metal

Step = 5 mm, Line - 24 positions
Distance between lines = 10 mm (9 lines)

Steel 08H18N10T austenite stainless (100 mm) welded by the
wire (3 mm in diameter, steel 04H19N18M3 (welding in electric
arc using flux 48-OF-6).

Thermal treatment
Cooling down in water from the temperature 1050°C

Precipitation of carbides: TiC in base metal and TiC un
Cr23C6 near the joint border and interior the joint.



Chemical composition

Table 1. Base metal: steel 08H18N10T (wt.%).

Element

C

Si

Mn

S

P

Cr

Ni

Ti

Concentration

0.07

0.45

0.94

0.015

0.020

18.04

9.97

0.61

Table 2. Welded metal: steel 04H19N18M3 (wt.%).

Element

C

Cr

Ni

Mn

Concentration

<0.4

18-20

10-12

3.25-3.50




Transmission

transmission

mm

00,685-0,69

00,68-0,685

@0,675-0,68

m0,67-0,675

m0,665-0,67

m 0,66-0,665

m0,655-0,66

m0,65-0,655

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24




Line 1. Cross sections
Positions: 1, 24 - base metal, 12 - middle of joint.

Line 1: positions
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Line 9. Cross sections
Positions: 1, 24 - base metal, 12 - middle of joint

100? Line 9: positions
—o— 1, base metal
—A— 12, welded
e 24 base
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SANS at 20°C
| g=0.07-0.7 nm!, 2D-detector (BF3, 64x64cm?)

Transmission Tr ~ 70 %

Isotropic scattering, averaging over circles |q|=const
Inhomogeneities r > 10 nm

Joint metal is more homogeneous than base metal !

Scattering from the joint material is lower by factor
2-3 as compared to base metal, q~0.1 nm!



Scattering from base metal and welded joint
| 3-component Guinier model

o(q) = Iy *exp[-g’Rg1%/3] + I, *exp[-q°Rg2%/3] + B

Fractions: Rg; n Rg, , defects <1 nm (nuclei, vacancies)

Forward cross sections Iy, , =K, 2Ny 5,V »?
V 1, =(4n/3)R, , 3, spherical approximation
radii R 4, =(5/3)"2Rg 4 ».

In base and joint metal defects” humbers differ strongly
Their dimensions do not show significant deviations !
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Line 1: A),B) and C),D) - forward cross sections
and radii of big and middle particles
E). "incoherent” cross section of tiny defects
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Line 5 - center of joint:
A),B) and C),D) - forward cross sections and radii of
big and middle particles; E). "incoherent” cross section
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Line 9: A),B) and C),D) - forward cross sections
and radii of big and middle particles;
E). "incoherent" cross section
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Nanoscale structure
Base and joint metal

Big defects in base metal, Rg1=20-22 nm
Interior the joint the radius is larger by ~ 10 %

Middle defects, Rg2 =7-9 nm
Interior the joint their size is smaller by ~10%

Cross sections for big and middle particles are lower
by factor ~ 5 interior the joint as compared to base metal

In joint metal cross section of tiny defects ~ nuclear incoherent cross section
Base metal: additional point defects !
Border of joint: "islands" of high concentration of point defects !



Forward cross section |,, for big defects

. I 366.7 - 400.0
cross section B 333.3 - 366.7

[ 300.0 -- 333.3

266.7 -- 300.0

233.3 -- 266.7
[ 200.0 -- 233.3
[ 166.7 - 200.0
71333 - 166.7
[ 100.0 -- 133.3
P 66.67 - 100.0
I 33.33 -- 66.67
o - 33.33

01’

Y ,cm




Gyration radius of big defects

Y, cm

-- 25.00
-- 24 .46
-- 23.92
-- 23.38
-- 22.83
-- 22.29
-- 21.75
- 21.21
-- 20.67
-- 20.13
-- 19.58
-- 19.04




Middle defects’ cross section

l,, » cross section B 1467 — 16.00

9 B 13.33 -- 14.67
I 12.00 -- 13.33

10.67 -- 12.00

8 10 9.333 -- 10.67
[ 8.000 -- 9.333

7 [ 6.667 - 8.000
[ 5333 -- 6.667

[ 14.000 -- 5.333

6 B 2.667 -- 4.000
B 1333 -- 2.667

B o - 1.333

Y, cm




Gyration radius of middle defects

-- 10.00
-- 9.708
-- 9.417
-- 9.125
-- 8.833
-- 8.542
-- 8.250
-- 7.958
-- 7.667
-- 7.375
-- 7.083
-- 6.792

Y, cMm




Cross section of "point" defects

Y, cm

[ 0.2500 --

Background oo

9 [ 01833 --
[ o0.1500 --

8 [o.1167 --

I -0.0500

B o0.3167 --
I 0.2833 --

[[70.0833 --
[ 0.0500 --
P o0.01667 --
B 001667 --
-- -0.01667

0.3500
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0.2833
0.2500
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Carbides C.Cr,; can be localized at grain borders
Monolayers at the borders of crystalline blocks
| Scattering angles ~A /D

Layer thickness D = 2R ;/\3 ~ 24 nm ~ middle
particle diameter 2R, ~18 nm

Middle particles can form layers at blocks’ borders
Number of particles in such a lamella

In base metal nB=(101/102) =29

In joint metal nw=(Io1/I02) = 35

Lamella size Yn-Rg2~100 nm

~ sjze of cristalline block



Carbides grouping at blocks' borders

N ™~




Content of C,Cr,;

= fcc, unit cell: 92 atoms of Cr, 24 atoms of C
sLattice constant a = 1.051-1.073 nm
=Carbide density p=7.07g/cm3

=Nuclear scattering length density Kc=4.15-1010cm-2
mIron: Kre=7.9-1019%cm-2

= Carbides have negative contrast in metal matrix

» AK= -3.8-1010 cm-2

=Carbides content: ¢z =0.12 % vol. in base metal
= ow =0.023 % in welded metal.

sMass of carbon precipitated 0.047 % wt. in base metal

= 5 times lower than the amount of precipitated carbon in welded
metal, 0.0090 % wt.

= 70 % of carbon in base metal is precipitated
s The SANS is sensitive even to inclusions amount ~ 102 % vol.
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Engineof.traci

= SANS study of precipitates in piston

=| AISiCuNiMg alloy
ints of new (old) piston’s crown

= Center of new sample:isotropic scattering
= Lateral parts:

anisotropic scattering (texture created by
manufacturing)

= Alloy’s mechanical properties are sensitive to
thermal treatment

= Operating temperature is close and in certain
parts of the crown exceeds the aging
temperature

= Aging alters mechanical properties related to
precipitates structural changes




Long-term exploitation under
thermal and mechanical stresses
i in cars’ engine

= Al 4032 is basically a forging alloy

= SANS examination of material to find
the precursors of fracture



Scientific background
Neutron studies

Plastic deformation: huge scattering (Cu, Al, Ni) [4-0]
Cracks, precipitates ~ 100 nm in fracture zone [6]
Polycrystalline Cu, Ni, Fe: I(q) ~1/q°, D =2.5-3.5 [2]
D ~ 2 for dislocation loop, D=3+0.5 for groups

Grouping creates interior surfaces, voids, crystal
borders, cracks

3<D<4, D=4 forsharp defect’'s border ! [4].
Electron microscopy: surface, thin slices [1]
Nuclear (magnetic) scattering on dislocations
Dislocations’ densities found from cross section



Residual hardness measurements on
piston crown after operation

Temperature of crown, exceeding the
aging temperature, causes a coalescence
of hardener elements: AlICu, AlMg,
AIMgCu precipitation

Evaluation of shape and size of
precipitates:

Location the areas of maximum thermal
alteration

Measurement of alteration rate




M. Rogande et al. | Physica B 338 (2005) 24-231

Table |
Composition of Albesed alloy and seatiering lengths for mucle

Element ) Fe Cu Mg (t N I
it AT F I S 1 P N L% & A
bR 0415 0 0m s e 156

Remainder each (0.05% max.), remamnder total (0.15% max.),
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SANS from the piston crown: central position
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SANS-patterns for central point

x| o(q) = do/dQ per cm3 A=1.224 nm
=0.05-1.2nm}, scaler ~ 1/q=1-20nm

= o(q) increase by factor 2 after operation
R(q) = Iy p/Inew has @ maximum
at q=0.05-0.2 nm-1?

= Thermal treatment causes the growth of defects
r~1/q~5-10 nm

= Scattering became weaker at q ~ 1 nm:
annealing of small defects (vacancies)






Porod plot for new and old piston:
central position

o New and
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Porod plot I(q)-g?vs. g?
S;paration structural effects from incoherent

scattering and point defects contribution

= New and old piston obey the law:
I.q* =A+Bqg*

s A= ZTC(AK)2°St
Total area of particles, for spheres:
S; =47Rp2N,
R, is the radius, Np is the number of particles
in the sample
= Parameter B - incoherent cross section



= Aging increase the surface by ~20 %
(precipitates growth) and decrease
incoherent background by ~15 %
(annealing of vacancies)

= Range of contract factors for different
precipitates

AK? =(0.4-1.7)10%°cm™
= Interior surface gain
AS; ~(4-16)-10%2 cm?



Guinier approximation

01

o, cm’

0,01

0,001+




Volume content of precipitates vs. radius:
A). new; B) old material; C). Difference @y, ,4 - Pxnew
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CTPYXTYPA PATHALIORHbX IFOEKTOR B IBAPLE







CHuHTeTHYeCKUU KBapIl,
IJIOTHOCTH JUCIOKAIMH p =54 cm2, p =570 cm2
IlpupoaHsbie - ILIMYATHIN KB. U TOPHBIA XPYCTAJIb

Hetitponsl, En > 0.1 MsB: @ =2-101¢-5.0-10'® n/cm?

® =2-10'% H/cM?: HET U3MEHEHUI CTPYKTYPbI
MCKYCCTBEHHOTO KBapua !

IIpupoaublie 00pa3Nbl: 3aMETHOE YUCIIO AE(PEKTOB

* YKpyIHEHHE 3a CUET CIMSHMS IPU yBEIHUeHuu (aroeHca !

Cunrternyeckuii kpapu: ® =8:1017 - 5.0-10'8 u/cm?
['enepanus neexros, rg ~1-2 um u R; ~40-50 Hm

PocT uncia u 00beMHOM 107U Ae(PEKTOB.

Kpynusie negextsl R; ~40-50 aM - Havano amopdusanun!
OOpa3oBaHue JIMHEHHBIX AS(PEKTOB — KAaHAJIOB

pPaMycoM ~ 2 HM B CHHTETHYECKOM KBapIle



KBapuuThl - OCHOBHAs 4aCTh 3¢MHOM KOPBI
Poiib 1e(heKTOB B MUTpaIlM Ta30BBIX IOTOKOB
(renusi, TPUTHS) K HOBEPXHOCTH 3eMIIH

JlepexkThl, HCXOAHBIE W  HUHAYIUMPOBAHHBICE  pPaJAUAIIMOHHBIMH,
TEPMUYECKUMH, MEXAHUYECKUMH HAarpy3Kamu - JOBYIIKH 3JIEMCHTOB,
B T. 4. pAAUOAKTUBHBIX (PasiOH)

Moaudukanus KBapleB OOJIydEeHHMEM IIPOTOHAMM, HEHTpOHaAMH,
AJIEKTPOHAMHM, Y-KBaHTaMM IS TOAy4YeHUs (YHKIMOHAJIbHBIX
MaTepuaJoB C HEOOXOJMMBIMM XapakTepucTukamu (mpoOiema
3aXOPOHEHHUSI OTXOJOB B TJIYOMHHBIX KBaplEBBIX IMOpPOJAX MPH
YCJIOBUH BBIACHEHUS UX PAJIUALIMOHHON CTOMKOCTH)

Jlns Mommbukamuyu BemecTBa B 00beMe HamOoaee 3(POEKTUBHEI
OBICTpPBbIE HEWUTPOHBI, CIOCOOHBIE CO3/1aTh HYXHYIO JAChHEKTHYIO
CTPYKTYpPY B 0ObeMe KBapIia



KBapuy — oaHa M3 KPUCTAJUIMYECKHUX MOAU(PUKAINN
AByokucn kpemHus Si10, (KpemHe3ema), MMEIOLIETO
HECKOJIBKO Pa3HOBUHOCTEH

Pa3HOBUIHOCTH Temneparypnas 00J1acTh
KpEMHE3EMA YCTONYUBOCTHU

0.-KBapII T <573°C
(HU3KOTEMIEpaTypHBIN) . | IpY HOPMAJIBLHOM JIaBJICHUHN
B — kBapu 573°C <T < 880°C
(BBICOKOTEMIIEPATYPHBIN )

TpuaumMut 880°C < T < 1470°C
Kpucrobanur 1470°C <T < 1710°C

[TnotHOCTE O-KBapma p=2.649 r/cm?
TBepnocTh 10 aecATUOAIBHOM IKaJie paBHA 7



KBapn nipo3pauen it YD u yvactnuno MK-uznyuennn !

OcCHOBHBIE IPO3PaYHbIe PA3HOBUAHOCTH O-KBapua

Bun IBeT ITpumecu
CUHTETUUYECKUH becnBeTHBIN OO0prynO Al
['opHbii XpycTans | becueTHbii Ecnu orcytrcTBYIOT npuMmecH Ti,
Fe 1 uenTpsl okpacku.
PayxTomnas JIpIMYaThIM 3aMeHa aToMOB Si Ha aToMbl Al
(IBIMYATHIN )
AMeTHCT DHOJIETOBBIN Fe3*(>kento-o00pasyrommii) ,
Fe?" (3e11eH0-00pa3y oL
Mopuon OT 4epHOro 10 Al
3€JIEHOBATO-
KEIITOTO

[{utpuH KpacHoBaThbIii Fe’*




Quartz has two polymorphs
Alpha quartz is trigonal and stable below 573 C
Above 573 C the structure inverts to beta quartz, which is hexagonal

o-KBapIl
c,=5.393 A
a,=4.903 A

1, 2,3, 4 —monoxeHus Si




CXEMA KACKAJIHOI'O ITPOLIECCA
IMPU OBJIYYEHUU HEUTPOHAMM

9) n E, ~1 M3B) ’é
.-/f/
HTOM. s L Py
On EBOH ~ 50 mB

Maxcmnyu pacnpejgejieHus cmemelmux aTOMOB BJOJIL poGera B
KBapile HAXOAUTCH Ha paccTosHAH 36 -130 HM 18 BBIOHTHIX HOHOB
KHcJaopoaa ¢ JHepruamMH ot 20-100 k3B n  18-80 oM A8 HOHOB KpeMHHS C
snepruamu or 20-100 k3B [19].

CTPYKTYPHBIE 2JIEMEHTHBI

ToueuHsie I'lporsxenHbie
JedexTnl nedexTs I'moGynsl
(bpenkeneBCcKHE Mapel) (UM cMeImeHns )

TOPMOXEHHUE UOHOB B BEIHIECTBE

HonuzaumoHHbIe norepu HOHOB (%} =

ToN E TON

0.1
DHEPrusi HOHOB



HelTpoH MOXKET BEIOUTh aTOM U3 y3J1a B MEXKI0Y3JI1E
OOpa3zyercs gppenxenesckas napa
«MeAHCO0Y3ENbHbIU AMOM-8AKAHCUSLY

BeiOuteie atombl O U Si, MOJy4YHUB OOJIBIITYIO DHEPrHIO, BBI3BAIOT
JOKaJIbHBIC TTOBPEKICHUS PEIICTKH, TCHEPUPYIOT KPYITHBIC T1e()EKThI

MakcumyMm pacrpesiesieHnsl CMEIIEHHBIX aTOMOB BJI0JIb Mpodera

-Ha pacctossHuM 36 -130 HM 11 BBIOMTBIX MOHOB KHCJIOpPOAa C
sHeprusimu ot 20-100 k3B

- 18-80 uMm 1711 noHOB KpeMHUs ¢ dHeprusmu ot 20-100 k2B

PaccTosnus Mex1y CMEIIEHHBIMUA aTOMaMU MaJlbl
Coznaercsa 001acTh pa3ynopsI0YEHHON PEIIETKA

- (MUKW CMEUeHU)

[Ipu 001ydeHNU KPUCTATIIIOB HEUTPOHAMU BO3HUKAIOT
TOYEYHBIC JIe(PEKThI («BHIOUTHIN aTOM - BAKAHCHUS )

U «ITUKA CMELICHUS



HeilitpoHHoe 00ydeHue BeJIeT K 00pa30BaHUIO
CMCILICHHBIX aTOMOB YMCJIOM Ha 2-3 TopsiaKa OOJIbIIE
KOJIMYECTBA CMEIICHWM, BEI3BAHHBIX Y-Ty4aMH

Y-U3IIYYCHHE - CTUMYJIHUPOBAHHASA IHMPY3USI TOUCUHBIX
Ae(PEeKTOB, OTXKUT U KOAryJISIUN TOUYCUHBIX JI€(DEKTOB

* O0y4yeHHE 0-KBapIa ObICTPBIMUA HEUTPOHAMMU
(> 10" H/cm?)
* PagnanmoHHBIN 00— 3 mepexon
OO06aacTH IJIaBJICHUS - KITUKU CMEIICHUS» - 3apOIbIIIN
apyrou gas3el ~1.5—3.0 HM OCTBIBAKOT 4O CPEIAHEU
Temieparypsl mumienn 3a 10-19 —10-11 ¢
e Bokpyr paciijiaBlI€eHHOro o0bema
- 00JIaCTH MEXaHUYECKUX HAMPSKECHUN



Ioanas amoppuzamusa, ® = 1-1020-2-10*%u/cm?
boJbIoe KOJIM4YecTBO pazopBaHHbIX Si-O -cBsA3eil

da30BbId Nepexoa 0—f - Hayamo0 amoppuzanuu
* IHIyKIMOHHBIN ITepruoaoM (popMupoBanus 3apoabima 104 — 108 ¢
* O0BEM MK CMEIICHUS
* Kputndeckuii (paroeHC 3aBUCUT OT CTPYKTYPhI M COCTaBa KpUCTaJLJIa
(pa3HbIe TUIIBI KBapIlla UMEIOT Pa3IMYHbIE IPUMECH )

Mexanusm o0Opa3oBaHus 3apoabliuieil aMmop(pu3auum Npu MaJabIX (JaroeHcax ?
OO0pa3ie! kBapia 1x1x1 cM? ¢ pa3HOil IIOTHOCTHIO 1e(PEKTOB:

CHuHTeTHYeCKHEe KPUCTAJLIbI

 HM3Kasl IJIOTHOCTRIO QuciIoKauii p=54 cm2, p=570 cm™2

TI'opHBIN XpycTaJb U ALIMYATHIN KBAPII

* pa3IMYHbIC J1€(DEKTHI -BAKAHCHUH, TUCIOKAIIMHU, TPAHUIIBI KPHUCTAJIJIUTOB



Kanan B1 peakropa BBPM, 60°C
[110THOCTH MOTOKA OBLICTPBIX HEUTPOHOB @ =2-101Y H/cm?

dD110eHCHI:

D, =2-10!% u/cm? , D, =8-10!7 n/cm?,
D, =2:10'8 n/em?, D, =5-1018 n/cm?
HaxaTomHasi CTPpyKTYypa

«MEMBPAHA-2», MeTOA MajoyriioBOTrO pacCesHUs
HEUTPOHOB

2=0.3 am, AL/A=0.3
AuaIna3oH UMIyascoB ( = (4m/A)sin(0/2) = 0.03-0.8um-!

0 - yrois paccessHus HEUTPOHOB



Cnekrp OnicTphIX (E_> 0.1 Mb>B) neiitponos
B kaHaJjie B1 peakropa BBPM

Intensity of fast neutrons (arb.units)
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MEMbBPAHA-2

P — nossipuzatop, W — MarHuTHeIi MOHOXpoMaTop, F - gpaunmep,

A — ananmmzatop, S — obpasen, D — getexrop (41 He’-cueTunk)




CpaBHeHMe CNeKTPOB pacCesHHbIX HENTPOHOB
5 ana Heobny4eHHbIX 06pasLOoB

. (NnpoBeneHo ycpeaHeHve no obpasuam)
n
10° .\. _ 4 B| CvH. kBapL, p=54 cm” (10 06p.)
® - w- D| CuH. kBapy, p=570 cMm” (5 06p.)
10* -+ ® - F| FopHbIt xpycTans (10 06p.)
— | ®H| OeimuyaTim keapu, (10 06p.)
>, T
= 3 “H- l
@ 10 !,.\ _m
o)
C
10° Tlllif
10'
10°

o0 01 02 03 04 05 06 0.7 08

1
g, Nm



I'opHbIN XpycTAIb
Pa3HOCTHBIE CIIEKTPbI

['opHBIU XpyCcTallb

I.UXIUEA' 17 )
—— D1 =0.2*10  H/cMm
¥~ D =7.7%10"" w/em’

— 5.0x10°-

(D]

o

S

o, 0.0-

=

5

= 5

<1 _5.0x10°
1

-1.0X10-4' T T T T T T T T T T T |

0.1 0.2 0.3 0.4 0.5 0.6 0.7

1
q, HM



JAbIMYaTBIN KBAPIl - PA3HOCTHBIE CIEKTPHI

ObiM4yaTbIn KBaApL,

g, nm

1.0x10
—=—B| 06p. Ne 1; D=0.2*10"" n/cm®
1 -O-C| 06p.Ne2; D=0.2*10"" n/cm’
‘. —A—Dl 06p. Ne 3; D=7.7*10" Hicm®
5.0x10° Y Bl 06p. Ne 4: D=7.7*10" Hiem?
. O
8: \m
3 Eh 0 =Q
s 0.0 AL LS = e
S v vV VY APl
C /A‘A A
- A /
S }
S -5.0x10"- A
B
-1 .OX’|0_3 \ T T T T T T |
0.1 0.2 0.3 04 0.5 0.6

0.7



CunreTHuyecKuii KBapu, p=54 cm2

Al(q) = Iyexp[-(q'R,)*/3] + q'A-exp[-(q'1,)*/2] + B

CHUHT. KBapu ¢ NJIOTH.
TUCIOKanuum p=54 cm
Hdo3a
0.00006 — ® -7.7%10"" u/em’
= <& -17%10" miem?
% A _50%10" u/cwm
o™
S
Q. 0.00004 —
=
-
=z
S
* 0.00002 —
lon
0.00000 A
-0.00002 ———y : ———

0.1 1




Cunrernyeckuii kpapu, p = 570 cm2
Al(q) = I -exp [-(q-Rg)2/3] + q1A-exp [-(q-rg)2/2] + B

0.00020 CHHT. KBapIl ¢ NJIOTH.
nucanokanuu p=570 cMm e
_ no3a
® -7.7*10" u/em’
_ %* 17 2
= 0.00015 < 17 1017 H/CM2
o A -50 *10 wu/cM
m
o
E -
o
o
=
- 0.00010 H
A
Z
P
J _
o
0.00005 H
0.00000 A
| ! |




MHTeHCcMBHOCTb paccesiHus | Ha KpynHbIX fgedekTax

1007 _@ =54 cu? A
= —O—p=570 cm” @
O
m
% 50 - o
& .///
" o
— © ©)
0 géa>/
0 10 20 30 40 50
Pagonyc nHepuwnm R ANA KPpYynHbIX gedekTtos
950 -
T / \<>
MO 25 - *
—@—p=54cm” b).
—O—p=570 cm”
0 | ! | ! | ! | ! | ! |

0 10 20 30 40 50
I[osa,lO”H/CM2



MHTEeHCMBHOCTbL paccesdaHnsa A

napaMEprl Ha NUHEeNHbIX fedeKkTax
S g4 TA—p=S4cem” A
LV . 5
JINHEUHBbIX - —A—p=570 cm
a0}
5 ) A »
M TOUEYHbIX | = s —4
< 0.0- % |
nedexKkToB
6 | 1b | Zb | Sb | 4b | Sb
MHTEHCMBHOCTb HEKOTEpPEeHTHOro paccedHus B
Paanyc KaHa/10B Cv—emsaen® B
. | —rF—p=570 cm ,
r.,=1.4-1.6 am o | S
. /A 0.2 N
%) 2
He MeHseTCH 3 / |
= 1 z/v v
C pocToM (.. 0.0 - %

I I
10 20 30 40 50
I[o3a,1017H/CM2



KoHueHTpanuu u 00beMHbIe 1011 1e(PeKTOB B
3aBUCUMOCTH OT (pirroenca (N, @)

[110THOCTP IJIMHBI KOT€PEHTHOT'O SACPHOTO PacCesHUs
a-kBapma (d = 2.65 r/em®): K=N_b_=4.19-10%cm2

N_=2.66-10%? cMm™ - uncio mosiekya SiO, B cm?

b_= 1.58-10-“cM - KorepeHTHas IJTUHA MOJICKYJIbI

Kontpact aist kpynHbeix aedekroB AK=(Ad/d)-K

Ad/d = 10 % - u3MeHeHne MIOTHOCTH U3-3a PaJHalliOHHBIX
MIOBPEXKACHUMN

o = (AK)**N-V?2 = (AK)?>-¢ -V

V = (4n/3)R3 - 00beM medexra
OTtcrofa HaliJIeHbl KOHIIGHTpALMU U 00BbEMHBIC J0JIU IS(DEKTOB



XapakTEpUCTUKN KPYIHBIX J€PEKTOB B OOJYYEHHOM KBapIIE

C HA4YaJIbHOH IIJIOTHOCTBIO TMCIIOKAIUMA p = 54 cMm

Omroenc, | Ceuenue Paauyc knactepoB, | Konnenrpanus | O0bemHast
x1017 G ,cMm! R, um KJIACTEPOB IO
H/cM? N, 102 cm?3 ¢, %

0.2 1.39 £0.33 | 28.8 £3.6 7.9 0.079

7.7 5.74 £0.16 | 52.2+0.7 0.92 0.055

18 10.15+0.42 |61.6 £1.0 0.60 0.059

50 4.49 £0.12 |29.0 £0.5 24.5 0.25




XapakTEpUCTUKU KPYITHBIX 1€()EKTOB B 00JTyYEHHOM KBapIle
C HaYaJbHOH IUIOTHOCTBIO JUCIOKaIui p = 570 cM™?

Jo3a, CeueHue Paanyc Konnentpanus | O0beMHas
x1017 G, cMm! KJIACTEPOB | KJIIACTEPOB OIS
H/CM2 R, HM N, 1012 cm?3 @, %

0.2 0.043 £0.040 | 16.0 £9.7 8.3 0.014
7.7 1.23 +0.07 33.6+0.9 2.8 0.044

18 3.54 £0.08 42.9 £0.6 1.8 0.061

50 19.6 £1.0 46.6 1.1 6.3 0.26

JedeKThl JTOKAIU3YIOTCH HA JUCIOKANMAX U HE KOATr'YJIUPYIOT
IIpu OosbIeM yucie JUcaoKanuu gedexTsl 00J1ee MeJIKHue
Coxpansiercsi cyMMapHbIid 00beM aeeKkToB



XapaKTepuCTUKHU

TOYCYHbBIX

neeKToB B
00JIly4YeHHOM MCKYCCTBEHHOM KBapue

®moenc, | Ceuenue o, cM, OObeMHast HOIS «TOUCTHBIX)
10'71/cm? nedexToB @, %

p =54 cm~ p =570 cm2 p=54cm? |p=570cm?
0.2 - 0.0044 +0.0040 - 0.3
7.7 0.007 £0.005 | 0.024+0.006 0.4 1
18 0.020 £0.004 | 0.056 £0.004 3
50 0.024 +0.004 | 0.073 £0.005 1 4




JInHenHbIe paTualMOHHbIE OBPEXKICHUA

A =1-AK; 2 V2N, /L, AK;=0.1.K - koHTpacr,

L — niuna, V= ntir’L - 00bemM, N; - YHCJI0 KaHAJOB B CM>

p =54 cm

p =570 cm

Omroenc, | [Tapamerp CymmMmaphas qivHa, | O0beMHas 1071
107n/em? | A, 10*cem? | L., 1019 cm/em? KaHaJoB @, %
0.2 - - -

7.7 54425 6.2 +2.8 0.8+0.4

18 8.8 1.8 10.1 £2.1 1.3+0.3

50 11.7 £1.8 13.4 £2.1 1.7+0.3
dmoenc, | A, 10 em? | Cymmaphas giuHa, | OObeMHast OIS
10171/cm2 L., 10 cm/cm? KaHaJoB @, %
0.2 - - -

7.7 8.9 2.5 10.2 £2.9 1.3+0.4

18 45+2.0 5123 0.6 +0.3

50 79123 9.0 £2.6 1.1 £0.3




3aKro4eHme

1. Kpynnsie gedextnl pazmepom 40-50 aM 3aHuMaroT 00beM ~ 0.3 %
npu iroerce 5-1018 w/cm?

2. OCHOBHOM 00bEM MOBPEKICHUN ~ 5 % NMPUXOIUTCS HA TOYCUHBIE U
nuHeHbIe nedeKThl (BKIaab! 1- 4 %)

3. PaguanuoHHEIE KaHAIBI PAIHYCOM ~ 2 HM UMEIOT HHTErPAILHYIO JIHHY
L, ~ 10" cm/cm® pu ymepernHoMm ¢utroerce 8-1017w/cm

4. Kananel mnHOM L, MOTyT 00pa3oBaTh «IPOTEKAEMYIO» CETKY
(Ha CBsI3b IPUXOIUTCS 00beM %) cyMMapHO# IHMHOM
L.~ 10'cm/em3 =L,/ L3, rue amuna cesisu paHa L, ~ 1/\L; ~ 30 Hm
5. MakcuMyM paclipeiesIeHUs] CMEIIEHHBIX aTOMOB BJ0JIb ITpOOEra B KBaplie
HaXoJUTCs Ha paccTosTHUM 36 -130 HM 1151 BBIOUTBHIX HOHOB KHCJIOPOAa U

18-80 HM 1J1s1 MIOHOB KPEMHHUS, IO3TOMY 00pa30BaHUE CBSI3HOM CETKU C
IUIAHOM 11ara ~ 30 HM pealibHO !



ERRY CHRISTMAS & HAPFY NEW YEAR!
MIGLIORI AUGURI DI BUONE FESTE!

UDIO D'INGEGNERIA ROGANTE
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