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AHOTALUS

3asaowxk C. B. KepyBanHs nporiecamu (popMyBaHHS 13 TTOPOIIIKIB CILIaBIB 3ai3a
netaneil ckianHoi (GopMu 3 MIABUIICHUMH (PI3UKO-MEXaHIYHUMHU BJIACTUBOCTSIMU. —
Kganidixkariitna HaykoBa mpalis Ha MpaBax PyKOIHCY.

Hucepralis Ha 3700yTTs HAYKOBOTO CTYMEHs JOKTopa (pitocodii 3 raimysi 3HaHb
13 MexaHi4yHa iHXeHepis 3a cneuiaibHicTio 132 Martepiano3HaBcTBo. — HaiioHansHuit
TEeXHIYHUN YyHIBepcUTeT YKpaiHu «KWiBCbKMI TMOMITEXHIYHUN 1HCTUTYT IMeHi Irops

Cikopcbkoroy, Kuis, 2024.

Hucepraniiina poOoTa NpUCBAYEHA BUPILIEHHIO aKTyalbHOI MpOOJEeMH, a caMe
JOCIIPKEHHIO MaTepiajiiB Ta TEXHOJOTTYHUX MapaMeTpiB, sSIKI BUKOPHUCTOBYIOTHCS IMPH
BUTOTOBJICHHI JIeTaJell CKIaJaHOI (GOopMHU 3 MIABUIICHUMH (DI3UKO-MEXaHIYHUMU
BJIACTUBOCTSIMU 32 TEXHOJIOTIEI0 HXKEKIIHHOTO JIUTTS nopomkis (1JIIT).

Texnomoris IJIII wabyma MmMIMPOKOro TMOIIMPEHHS y BUTOTOBJIEHHI JeTalieit
BOTHEMAIBHOI 30poi Ta crer3aco0iB. JlaHa TEXHOIOTIS T03BOJISIE BUTOTOBJIATH CKIJIaTHI
JeTalli y BEJIMKUX KUTBKOCTSX 3 HU3BbKOIO coOiBaprticTio. [IpoTe, no Takux aeraneit
Ipe]1’ SIBJISIFOTHCS TABUIIICHI BUMOTH IIOJI0 HAJIMHOCTI Ta O€3BIIMOBHOCTI BIIPOJIOBXK
BCHOTO TEPMiHY eKCIuTyaTalii BuUpoOy. Jleram BoraemaabHOi 30poi MEpeBaXKHO
NpalloTh B YMOBaxX  yAapHO-adpa3sMBHOTO 3HOCY, TOMY MaTepiaa, sKi
BUKOPUCTOBYIOTBCS JUIsl iX BUTOTOBJICHHS MOBMHHI MaTH BHUCOKI MOKa3HMKH BTOMHOI
MIITHOCTI, TBEPJOCTI Ta yAapHOi B’SA3KOCTi. SIK BiIOMO, MeXaHIUHI XapaKTEPUCTHKHU
CTIEUCHUX MaTepialliB 3aeXaTh BiJl PI3HUX (PAKTOPIB, TaKMX SK BMICT BYTJICIIO Ta
MikpocTpykTypa. OcTaHHS BKIIIOYa€ B ce0e Taki mapameTpH, SIK MOPHUCTICTh, PO3MIp
3epHa, po3Mip 1op, (hopma Imop Ta FOMOT€HHICTh XIMIYHOTO CKJIaay. B po6oTi mpoBeaeHO
aHaii3 cieueHux crajei Catamold8740 ta PolyPOM8740. 3a3HaueHi MaTepiay ITUPOKO
3acTOCOBYIOTHCS B TexHouorii IJIIT mpu BUTOTOBIICHHI AeTanel CTpiienbKoi 30poi.

Y po6oTi mocTaBieHI Ta BUPIIIEH] aKTyalbHI HAyKOBI 3aBJIaHHS 010 TT1ABUIIICHHS
(bi3uKO-MeXaHIYHUX BIACTUBOCTEU NeTaliel CKIamHoi (OpMH, IO BUTOTOBIISIOTHCS 32

TEXHOJIOTIEI0 1HXKEKIIMHOTO JUTTS MOPOIIKIB 13 HU3BKOJIETOBAHUX CTajle ILIIXOM



BCTAHOBJICHHS BIUIMBY XIMIYHOIO CKJIaJy BHUXIJHUX IOPOUIKIB, TEXHOJIOITYHUX
napameTpiB nporieciB popmMyBaHHs, BUFAJICHHS 3B SI3KU , CIIIKAHHS Ta TEPMOOOPOOKH Ha
CTPYKTYPHO-TEOMETPUYHI XapaKTEPUCTUKU (pO3MIp 3€pHA, MOPUCTICTH), MIIHICTb,
TUTACTUYHICTh, TBEPIICTD , YIApHY B SI3KICTh MaTepiaidy BUPOOY.

3a pe3yabTaTaMu CUCTEMHUX JTOCI1HKEHb BCTAHOBJICHO BIUIMB:

- XIMIYHHUX Ta (i3UMYHUX BiacTuBocTer nopomikiB Catamold8740 ta PolyPOMS8740
Ha TMPOLECH YIIUIbHEHHS Ta (OPMYBaHHS MIKPO-CTPYKTYpH Ta (Pa3oBOro CKiIagy
MIOPOIIIKOBOTO MaTepiay mifl 4ac (OpMyBaHHS Ta CIIKaHHS B YMOBax IPOMHCIIOBOTO
BUPOOHUIITBA Ta HA BUPOOHUUOMY 00JIaTHAHHI,

- TIapaMeTpiB MPOIIECIB JUTTS, BUAAICHHS 3B’SI3KH Ta CITIKAHHSI HAa BEIMYHHY
3aJIMIIKOBOI MOPHUCTOCTI, PO3MIP TMOp, PO3MIP 3€pHA Ta BU3HAUYUTU MOKJIMBI HUISIXH
MIIBULIICHHS IIUTHHOCTI Ta MEXaHIYHUX BIACTUBOCTEH MaTtepiaiy BUpPOOIB 13 MOPOIIKIB
Catamold8740 ta PolyPOMS8740;

- TEXHOJIOTIYHUX TapamMeTpiB MPOIIECIB BUTOTOBIIEHHS 1 HACTYITHOT TEPMOOOPOOKH
Ha MEXaHI4HI BJIaCTUBOCTI CIIEYeHUX HU3bKoJNeroBanux crajueit [JII1.

- TpaHyJOMETPUYHOT'O CKJIAIY, CEPEIHHOrO PO3MIPY YACTHHOK MOPOIIKY 3aj1i3a Ha
Hanpy>KeHO-1e(OpMOBaHMIA CTaH MPECOBOK IMiJ] Yac Ta IICJS CIIKaHHS, CTYIHb
yIIUTEHEHHS, POpPMU 1 pO3MipH TIOp;

- HaIpy>XeHO-1e()OPMOBAHOTO CTaHy CIIEUYEHOr0 MaTepiany i3 CyMIillll ITOPOIIKiB
Catamold8740 ta PolyPOMS8740 Ha ynapHy B’SI3KICTb;

AHami3 OTpUMaHUX Pe3yJIbTaTiB JO03BOJUB CHOPMYIIOBATH TEOPETUYHI Ta
TEXHOJIOT14HI 3aCaJii OTPUMAHHS 13 MOPOIIKIB MPOMUCIOBUX MapOK BHPOOIB CKIaIHOT
(hopMH KOHCTPYKITIHHOTO MPU3HAYCHHS 3 3aJJaHUM PiBHEM BJIIACTUBOCTECH.

VY poGoTi mpenacTaBIeHo aHATITHYHUN OTJIsI HAYKOBUX JDHKEPEN 32 TEMaTHUKOIO
JMCEPTALIfHOTO JOCHIKeHHS. 3pobieHo mopiBHsSHHS mporiecy UIIT 3 iHmmmwm
criocobamu (OpMyBaHHS JeTanel, TOKa3aHO OCHOBHI MEpPEeBaru Ta HEJOIIKH MPOIIECY.
[IpoBeneno anami3z XiMIYHOTO CKIAAy Ta (hi3UKO-MEXaHIYHUX BIACTHBOCTEH HAWOUTBII

MoIMpeHux Matepiainis st nporecy JITL
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VY pozauni 2 onucaHO BHXIIHI Matepiaid, METOJWKY BHUTOTOBJIEHHS 3pa3KiB,
METOAM JOCTIJKEHHS MIKPOCTPYKTYPH, XIMIYHOTO 1 (pa3oBOro ckimaay Ta (pi3uKo-
MEXaH14H1 BIaCTUBOCTI.

VY po3min 3 mpoBeAeHO aHalli3 TPaHyJIOMETPUYHOrO Ta XIMIYHOTO CKJIaay
BUX1IHUX MatepiaiiB. Bcranosneno, mo mnopomku Catamold8740 ta PolyPOMS8740
CYTTEBO BIJPIZHIIOTHCS 3a TPAHYJOMETPUYHUM CKJIQJ0OM Ta CEPEIHIM PO3MIpPOM
YaCTUHOK MOPOILLIKY — Cepe/IHIN po3Mip YacTHHOK Nopoiiky PolyPOMS8740 menmmii Hixk
y Catamold8740. Anaii3 peHTreHorpaM 1okasas BiJICYTHICTh MIKPOHAIIPY>KEHb JIJIsl 000X
BUXIJTHUX MOPOIIKIB. BCTaHOBIEHO BENMMKY KUIBKICTh JJOKAJBHUX AeEKTiB. Sk moka3as
JIOKaJIbHUIA MIKPOPEHTT€HOCTIEKTPAIbHUM XIMIYHUN aHaii3, Taki HEOJHOPILAHOCTI €
BKJTFOUEHHSIMU OKCHJIIB KPEMHIFO.

VY poszaini 4 onrcaHo BIUIMB MapaMETPiB CITIKAHHS, TPAHyJIOMETPUYHOTO CKJIay

MOPOIIKIB HAa TOPHUCTICTh IMiCHs crikaHHA. JIig 3°ICyBaHHS BIUIMBY JIOKAJIBHO-
HEOTHOPITHOTO YITUTHHEHHS Ha IIBUIKICTH 1 IOBHOTY CITIKaHHSI IPECOBOK JTOCIIIHKYBaJIU
KIHETUKY IPOIIECIB YCAIKH MTPECOBOK 13 CyMiIlll TIOPOIIKIB 3aJ1i3a 3 PO3MIPOM YaCTHHOK 5
1 100 mxmM B3siTHX B criBBigHOomeHH1 100% — 5 mxm, 70/30, 50/50, 30/70, 100% —
100 MkM. 31 30UTBIIEHHSM BMICTY (paKIli IMOPOIIKY B CyMIll 30UTBIIYETHCS
HEOTHOPIAHICTH TIOp 32 PO3MIpaMH, IO JO3BOJISIE 3MOJICITIOBATH B paMKaxX (hi3MYHOTO
EKCIIEPUMEHTY BILTUB JIOKAITBHO-HEOTHOPITHOTO PO3MOALTY PYIIIHHUX CHIT Ha JIOKATBHO-
HEOTHOPIHE YIIUTFHEHHS 1 BIIOBITHO Ha yCaJKy Ta (OpMyBaHHS MIKPOCTPYKTYPH 10
00’eMy TIPECOBKH.

JloBenieHo, 0 MIBUAKICTh YIIUTbHEHHS (KIHETUYHI KPHBI1) 30UIBIIYETHCS TTO Mipi
3MEHIIIEHHSI CEPEIHHOTO PO3MIPY YAaCTHHOK IMOPOIIKY 3ali3a B cymimi. [ligBurieHHs
IIBUJIKOCTI HArpiBaHHS aKTUBYE TPOIEC VIIUIbHEHHSA. HalOinemmii  piBeHb
MIKpOHANPYXKeHb (POPMYEThCS B CIEUEHHX IMPECOBKAX 3 HAUMEHIIUM PO3MIPOM
YACTUHOK TMOPOIIKY 5 MKM. 3HSITTS Halpy>KE€Hb KOPEIIoe 3 po3Mipamu obOsacteit
KOT€PEHTHOTO PO3CitoBaHHA. UuM OLTBI 0OJIACTI KOT€PEHTHOTO PO3CIIOBAHHS, THM
MEHIIII HAMpy>KEHHsI BHSABISIOTHCS B TPECOBINl TICTS CIIKAHHSA, IO MOXE OyTH
CBITYEHHSM OUTBIIT TIOBHOTO TPOTIKAHHS MPOIECY CIIKAHHS B JTOKAJILHO-HEOTHOPITHUX

001acTAX MPECOBKU.
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Y po3nmimi 5 moka3zaHO BIUIMB TEXHOJIOTIYHWX TMApaMETpiB BUTOTOBICHHS Ta
TEpMIYHOI 0OPOOKM Ha MeXaH14H1 BiacTuBOCTI MarepianiB Catamold 8740 ta PolyPOM
8740. BusineHo, 1o npu crikanHi Marepiairy PolyPOM 8740 3a temmniepatypu 1340°C,
31 wBKAKICTIO HarpiBy 5°C/xB ta BuTpuMkor 30 XB, yaapHa B's3kicTh 3a apmi pys
3pa3KiB 3 HAJApi30M € HANBUILOIO MOPIBHAHO 3 IHIIMMU BUIPOOYBAHMMHU 3pa3KaMH.
Bceranorneno, mo wmatepian PolyPOM 8740  Bigpi3HSEThCS OLIBIIOK YAAPHOIO
B’SI3KICTIO SIK TICJIS CHIKaHHS, TakK 1 MicIsl TepMidHOT 00poOku B mopiBHsaHHI 3 Catamold
8740 3a paxyHOK OUIBII TUCTIEPCHUX YaCTUHOK BUX1JTHOTO MOPOIIKY, OLTBIIOT IIUTEHOCTI
Ta XIMIYHOI OAHOPIAHOCTI. BCTaHOBIEHO, 10 1aHI MaTepiaii MaloTh CYTTEBY Bapialliro
TPaHUIll MIITHOCTI MICJISI CIIIKAHHS, 1110 MOKe OYTH TTOB’sI3aHO 3 P13HUM (ha30BUM CKJIAJIOM
Ta po3Mipom 3epeH. [licis BupiBHIOBaHHS (ha30BOT0 CKIIAAY MUISIXOM TEPMIUYHOT 00POOKH,
3pa3Kyd MaroTh OJHAKOBI 3HAYCHHS TPAHWYHOI MIITHOCTI, SKa HE 3aJIS)KUTh BiJI TYCTUHH
MaTepiany.

3 METOH BHMBYCHHS BIUIMBY 3JIMIIKOBOI IMOPUCTOCTI Ha yAapHY B’S3KiCTh
cneyeHoro matepiany Catamold8740 mpoBeneHO €KCIEPUMEHTH IO TiIBUIICHHIO
IIUTPHOCTI CTIICYEHUX MaTepialliB METOJIOM TapsSyoro 130CTaTUYHOrO MpecyBaHHS. B
pe3ynbTaTi EKCHepUMEHTY OyJ0 BCTAHOBIIEHO HE3HAYHE MIABUIICHHS YIapHOi
B s13k0cTi Oesnocepennbo micas LI (12,31 JIx/cm?), mo HOB’SA3aHO 31 3HAYHUM
po3MipoM 3epeH. HaromicTh, HacTymHa TepMOOOpOOKa JI03BOJISE OINTHUMI3yBaTH
MIKPOCTPYKTYPY Ta JOCATTH PiBHSA yIapHOi B s13kocTi — 19,9 JIx/cm?.

TakuMm YMHOM, BCTaHOBJIEHO, IO MPOIEC Tapsyoro 130CTATUYHOTO TMPECyBAHHS
JI03BOJISIE 3HAYHO MIBUIIUTH MIUTHHICTH CTICYCHUX MaTEpiaiiB Ta yJapHy B S3KICTb.

[IpoTe HasBHICTH CTOPOHHIX BKJIIOYCHB I CIICUCHUX MaTepiaiiB 06e3 omTuMisariii
nmapaMeTpiB CITIKaHHS HE J03BOJISIE OTPUMATH YJapHY B’S3KICTh Ha PIBHI KOBaHUX

MaTepiaiB.

KJIFOYOBI CJIOBA: BWIMBOK, I'VCTHHA, 3B’A3YBAJIbHI MATEPIAJIN,
MIKPOCTPYKTYPA, HEMETAJIEBI BKJIFOYEHHS, [TOPOLLIKOBI BYTJIELIEBI
CTAJII, TIOPOIIOK, TBEPJICTh, TEPMOIIUKJIYBAHHS, ®A30BUI CKJIAJ]



ABSTRACT

Zavadiuk S. V. “Control of the process for forming iron-based alloy powders to
produce parts with complex geometry and improved physical and mechanical properties”.
- Qualifying scientific work. As a manuscript.

Thesis for the Doctor of Philosophy Degree in specialty 132 Materials Science. -
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
Kyiv, 2024.

The dissertation work is devoted to the solution of an actual problem, specifically
the investigation of materials and technological parameters used in the manufacturing of
components with complex shapes and enhanced mechanical properties using the Powder
Injection Molding (PIM) technology.

The PIM technology has gained widespread use in the production of components
for firearms and special equipment. This technology enables the production of complex
parts in large quantities at low cost. However, these components are subject to increased
requirements for reliability and faultlessness throughout the entire product's operational
life. Components of firearms predominantly operate under conditions of impact-abrasive
wear, hence the materials used in their production must exhibit high fatigue strength,
hardness, and impact toughness. Mechanical properties of sintered materials are
influenced by factors such as carbon content and microstructure, including porosity, grain
size, pore size, pore shape, and homogeneity of chemical composition. The study analyzes
sintered steels Catamold 8740 and PolyPOM 8740, which are widely used in the PIM
technology for manufacturing components of firearms.

In the work, relevant scientific tasks have been formulated and solved regarding the
improvement of the mechanical properties of components with complex shapes
manufactured using the Powder Injection Molding (PIM) technology from low-alloy
steels. This is achieved by investigating the influence of the chemical composition of the

initial powders, technological parameters of forming processes, debinding, sintering, and



7

heat treatment on structural-geometric characteristics (grain size, porosity), strength,

plasticity, hardness, and impact toughness of the material.

The results of the systematic research have identified the influence of:

the chemical and physical properties of Catamold8740 and PolyPOM&740
powders on the processes of compaction, formation of microstructure, and phase
composition of the powder material during shaping and sintering in industrial
production conditions and on production equipment;

the parameters of molding, binder removal, and sintering processes on the
residual porosity, pore size, grain size, and possible ways to increase the density
and mechanical properties of products made from Catamold8740 and
PolyPOMS8740 powders;

technological parameters of manufacturing processes and subsequent heat
treatment on the mechanical properties of sintered low-alloy steels ILP.

the granulometric composition, average particle size of iron powder before and
after sintering, the stress-strain state of compacts during and after sintering,
degree of compaction, shapes, and sizes of pores;

the stress-strain state of the sintered material from a mixture of Catamold8740

and PolyPOMS8740 powders on impact toughness.

The analysis of the obtained results allowed formulating theoretical and

technological principles for obtaining industrial-grade products of complex shape and

structural purpose from specified powders.

The dissertation includes an analytical review of scientific sources related to the

theme of the research. A comparison of the PIM process with other methods of forming

components is presented, outlining the main advantages and disadvantages of the process.

An analysis of the chemical composition and physic-mechanical properties of the most

widely used materials for the PIM process is conducted.

Chapter 2 describes the raw materials, the methodology for producing material

samples, methods for studying microstructure, chemical and phase composition, and

physic-mechanical properties.
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Chapter 3 conducts an analysis of the granulometric and chemical composition of
the initial materials. It is established that Catamold8740 and PolyPOMS8740 powders
significantly differ in granulometric composition, with the average particle size of
PolyPOMS8740 being smaller than that of Catamold8740. X-ray analysis shows the
absence of micro-stresses for both initial powders but reveals a large number of local
defects. Local micro X-ray spectral chemical analysis indicates that these inhomogeneities
are inclusions of silicon oxide.

In Chapter 4, the influence of sintering parameters and the granulometric
composition of powders on porosity after sintering is described. To understand the impact
of locally uneven compaction on the speed and completeness of sintering, the kinetics of
compaction processes of compacts made from a mixture of iron powders with particle
sizes of 5 and 100 um were investigated. The mixtures were taken in proportions of 100%
- 5 um, 70/30, 50/50, 30/70, 100% - 100 um. As the content of the powder fraction in the
mixture increases, the heterogeneity of pores in terms of size increases, allowing the
modeling, within the framework of a physical experiment, of the influence of locally
uneven distribution of driving forces on locally uneven compaction and, consequently, on
shrinkage and the formation of microstructure throughout the volume of the compact.

It is demonstrated that the compaction rate (kinetic curves) increases as the average
particle size of iron powder decreases in the mixture. The increase in heating rate activates
the compaction process. The highest level of micro-stresses is formed in sintered compacts
with the smallest particle size of 5 pm. Stress relief correlates with the sizes of coherent
scattering regions. The larger the coherent scattering regions, the lower the stresses
observed in the compact after sintering, indicating a more complete progress of the
sintering process in locally uneven areas of the compact.

Thus, it is established that sintering polydisperse powders intensifies locally uneven
compaction, which in turn leads to an increase in coherent scattering regions and stress
relief.

In Chapter 5, the influence of manufacturing and heat treatment parameters on the

mechanical properties of Catamold 8740 and PolyPOM 8740 materials is demonstrated.
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It has been determined that the Charpy impact toughness is at its peak for notched samples
of PolyPOM 8740 when sintered at a temperature of 1340°C, with a heating rate of
5°C/min and a dwell time of 30 minutes, in comparison to other samples.

PolyPOM 8740 material exhibits higher impact toughness both after sintering and
after heat treatment compared to Catamold8740, attributed to the more dispersed particles
in the initial powder, higher density, and chemical homogeneity. It is found that these
materials have a significant variation in tensile strength after sintering, which may be
related to different phase compositions and grain sizes. After heat treatment, the samples
have the same tensile strength values independent of material density.

It's worth noting that even samples with low density (7.27-7.28 g/cm?®) have high
tensile strength values of 1000-1100 MPa, corresponding to the mechanical properties of
forged steel 40X under the given heat treatment conditions (1150 MPa with a hardness of
326 HB).

To study the influence of residual porosity on the impact toughness of the sintered
Catamold8740, experiments were conducted to increase the density of sintered materials
using the hot isostatic pressing (HIP) method. The experiment showed a slight increase in
impact toughness immediately after HIP (12.31 J/cm?) due to significant grain size.
However, subsequent heat treatment allows optimizing the microstructure and achieving
an impact toughness level of up to 19.9 J/cm?.

Thus, it is established that the hot isostatic pressing process significantly increases
the density and impact toughness of sintered materials. However, the presence of foreign
inclusions in sintered materials without optimizing sintering parameters does not allow

achieving impact toughness at the level of forged materials.

KEYWORDS: MOLDING, DENSITY, BINDER MATERIALS,
MICROSTRUCTURE, NON-METALLIC INCLUSIONS, SINTERED CARBON
STEELS, POWDER, HARDNESS, THERMAL CYCLING, PHASE COMPOSITION.
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BCTYII

AxtyanbHicTh TemMu. CyyacHe MAaIIMHOOYAYyBaHHSI BHUKOPHCTOBYE BEIHKY
HOMEHKJIATypy JAeTayed HaJCKIaaHO1 (GOopMH, sIKI MOXKYTh OyTH BUTOTOBJIEHI TUIBKH B
pe3yJIbTaTi 3aCTOCYBAHHS YHCEIbHUX TEXHOJOTTYHUX OTepalliii Ta MexaHIqHO1 00pOOKH,
10 IOTpedye BUTPAT IHCTPYMEHTY, CYIPOBOIKYETHCSI BTpATaMU MaTepiaiy B CTPYKKY,
3POCTaHHIM E€HEPrOEMHOCTI Ta TPYJIOBUTPAT. 30KpEMa, PO3BUTOK 1HKEKIIHHOTO JIUTTSI
CTPYKTYypOBaHHUX OararogazHux marepiajliB, 0COOJIMBO MOPOIIKOBUX TEXHOJOT1H HOBOTO
NOKOJIIHHS, CYTTE€BO BIUIMBAE HA PIBEHb CyYaCHMX 1 MEPCIIEKTUBHUX BUPOOHUIITB PI3HUX
3a CBOE CKJIQJIHICTIO BUPOOiB. CyyacH1 TEXHOJIOT1T IHKEKLIHHOTO JIUTTS CTPYKTYPOBAHUX
OaratoazHuUX MarepiaiiB, Taki SIK TEXHOJOTiS 1HXKEKI[IHHOTO JUTTS TOJIMEPHO-
nopomikoBux cymitei (IJIIT), mae Benvkuii monmuT B 3apyO1KHIM TPOMHUCIOBOCTI.

3pocTtaHHa BUMOT 110 (DI3MKO-MEXaHIYHMX BJIACTUBOCTEM MaTepialiB Ta IXHbBO1
CTaOUIBHOCTI Ti/1 Yac POoOOTH B €KCTPEMAJIbHUX YMOBAaX 4acTO MPUBOAUTH JI0 MOTPEOH
PO3pOOKH KOHCTPYKIIWHUX MaTepiaimiB JJisi TpoeKTyBaHHS BUpoOiB. Ile BuMmarae
B3a€MO/IIT MI>)K KOHCTPYKTOPCHKUMU Ta MaTepiallo3HABYUMU JIOCIIPKEHHSIMHU.

Sk anmpTepHATHBA TPATUIIIMHUM TEXHOJIOTISIM, METOJIM TMOPOIIKOBOI METaTyprii
IIBUIKO PO3BUBAIOTHCS Ta BJOCKOHATIOIOTHCA. [Ipotiec rpanyitoBanHs Ta cepoinuzarii
YJaCTUHOK TBEP/I01 (Da3u MPOBOIUTHLCS HA €Tarli MiArOTOBKH CIUIABY, IO TIEPEYyE €TaIry
muTTs. Ha OCHOBI IThOT0 PO3BUBAIOTHCS Ta BIPOBAKYIOTHCS HOBI TEXHOJIOTII, TaKi SIK
TEXHOJIOT'11 1HXEKIIHHOTO JIUTTS CTPYKTypPOBaHUX OararodazHux MarepiajiiB, BiIOMI SIK
texuonorii PIM (MIM, CIM). Lli TtexHosorii o0'€nHyIOTh B CO01 $K EJIEMEHTH
MOPOIITKOBOI METATYPrii, TaK 1 IMBAPHOTO BUPOOHUIITBA, 1110 BiTOOPaKEHO Yy iXHiii Ha3Bli,
sKa BKJIIOYae TepMind "powder, injection, molding". MeTtoau iHkeKiiHOro GopMyBaHHS
BUPOOIB 13 MOPOIIIKIB METAJIIB Ta CIJIABIB 3a0€3MEUyIOTh BEJIUKY BUPOOHUTY MOTYKHICTb,
MpoTe JAeTajsiM BIAaCTHUBAa HU3bKA YJapHa B’A3KICTh, OOYMOBJIEHA 3aJIUIIKOBOIO
MOPHCTICTIO Ta HAMPYXXEHHSIMH ICHS CIIKaHHSA Ta TepMooOpoOku. ToMy kepyBaHHS
napaMeTpamMu CHiKaHHS, TEpMIdYHOi 0OPOOKH 1 BUXITHUMHU BIACTHBOCTSIM TTOPOIITKIB IS
IKEKIIHHOTO (OPMYBAHHS € aKTyaJ bHOIO MPOOJIEMOIO CHOTOJICHHS HE TUIBKH B

VYkpaiHi, a 1 y BCbOMY CBITI.
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3B'130Kk po0OTH 3 HAYKOBHMH NpOrpaMaMu, IUIAHAMU Ta TeMamu. Po6ora
BUKOHYBajach Ha Kadeapl BHCOKOTEMIIEPAaTypHUX MaTepiagiB Ta M[OPOLIKOBOI
Metanyprii  HamioHambHOro  TeXHIYHOro  yHiBepcutery Ykpainu «KuiBcbkuii
MOJITEXHIYHUHM 1HCTUTYT iIMeH1 [ropst CikopchKoroy 1 Masia 3B’130K 3 HAyKOBO-AOCII1THOIO
poboToro «CTBOpeHHS! (I3UYHUX OCHOB KEPYBAHHS YIIUIBHEHHSM MOPOLIKIB IMiJ 4ac
THKEKIIHHOro (hopMyBaHHS AeTajeil I eKCTpeMalIbHUX YMOB €KCIUTyarallii» (HoMep
neprxkaBHoi peectpartii: 0120U102142).

Metowo podoTH € TiABUIICHHS (DI3MKO-MEXaHIYHUX BJIACTUBOCTEH jeraneit
CKJIaIHOT (pOpMH, 1110 BUTOTOBIISIFOTECS 3a TexHoJorieto IJII1 13 Hu3bKoaeroBanux crajie.
JI71st TOCSATHEHHS TTOCTABIICHOT METH BUPILITYBAIHCS HACTYITHI 3a/1a4i 10C/TiIKeHHA:

1. BuzHauuty BIUIMB XIMIYHUX Ta (I3UYHUX BIACTHUBOCTEH  IMOPOIIKIB
Catamold8740 Tta PolyPOMS8740 Ha mnpomecu yuuibHEHHS Ta (OpPMYBaHHA
MIKPOCTPYKTYPH.

2. BcraHOBUTH BIUTUB MapaMeTpiB MPOIIECIB CIIKAHHS Ha BEJMYMHY 3aJTUIIKOBOI
MIOPUCTOCTI, pO3MIp MOp, pPO3Mip 3epHa, (ha30BUl CKIIAI.

3. BcraHoBUTH B3a€MO3B’SI30K MDK TEXHOJIOTIYHHMH TapamMeTpamH MpPOIECIB
BUTOTOBJICHHSI TA MEXaHIYHUMH BIIACTUBOCTSAMH CIIEYCHUX HU3bKOJIETOBAHUX CTaJICH.

O0'ekT nociiakeHHst — nporiec (GopMyBaHHS MIKPOCTPYKTYPH Ta MEXaHIYHI
BJIACTUBOCTI MaTepiajliB Ha OCHOBI 3aJIi3a, JIETOBAHOTO CIJIAaBAMH METAIIB.

IIpeaMer nociskeHHs — BCTaHOBIICHHS BIUIMBY MPHUPOIU MaTepialy MPECOBKHY,
chopMoBaHOi IHKEKIIHHUM (opMyBaHHSIM Ha i yIIUIBHEHHS, (OpMyBaHHS
MIKPOCTPYKTYpH, (ha30BOrO CKIAAy, (PI3UKO-MEXaHIYHMX BIACTHBOCTEH, HAIPYKEHO-
nehOpMOBAaHOTO CTaHy TOTOBOIO BHpPOOY B 3aJI@KHOCTI BiJ XIMIYHOrO Ta
IPaHyJIOMETPUYHOTO CKJIYy BUXITHUX METAJICBHUX Ta JICTYIOUMX MOPOIIIKIB.

Metoau noCaiIKeHHSI: UIS JOCTIIKEHHS MIKPOCTPYKTYpH, XIMIYHOTO Ta
¢da30BOro CKIaay CIEYCHHWX MaTepialiB 3aCTOCOBYBAJM CKAHYIOUY €IEKTPOHHY
MIKpPOCKOIIIIO, EHeproaucriepciiiHuii Ta peHTreHodazoBui anamizu. JlocmimkeHHs
dpakrorpadii mpoBOAMIM 3 BHKOPHCTAHHSM CKAHYIOYOi EIIEKTPOHHOI MiKpPOCKOMII.

MexaHiyHi BJIACTUBOCTI OTPHMAHMX MaTepialiB BH3HAYAIA 32 CTaHJAPTHUMH
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METOAMKAMHM BHU3HAUYEHHS MINHOCTI Ha PO3TAr, YyJapHy B’SI3KICTh BUMIPIOBAJIN 32
MetosoM [lapmi.

HaykoBa HOBH3HA:

1. Bnepumie Ha cymimax HOpOIIKIB JJIS  IHXKEKLiHHOro (opMyBaHHS
PolyPOM&740 1 Catamold8740 noBenieHo, 1110 YaCTUHKH MOPOIIKY JITaTyp KPYHHICTIO
> 40 MKM aKTUBYIOTh TIPOLIEC JIOKAJbHO HEOJHOPITHOTO VYIIUIbHEHHS, SKUN
NPHU3BOIMTH J10 (DOPMYBaHHS KPYITHUX TIOP Ta 3HMKCHHS YJIAapHOI B’ SI3KOCTI CIIEUEHOT
HOPOIIKOBOT CTaJl.

2. Brnepiie BCTaHOBIIEHO B3a€MO3B’S30K MK CTyNeHEM Ta IIBUAKICTIO
00’€MHOT0 Ta JIOKaJIbHO HEOJHOPIAHOTO YIIIJIbHEHHS MTPECOBKH 13 MOPOIIKIB 3aji3a 3
po3MipoM YacTHHOK 5 MkM, 100 MKM Ta iX C€KBIMOJSPHHMX CYMIiIllel, BEIMYHUHOIO
3aJUINKOBUX HANpyXeHb Ta o0jacTeld KOTepeHTHOro po3citoBaHHiI. B pamkax
(G13MYHOTO EKCIEPUMEHTY JIOBEJEHO, II0 B TMOPOIIKOBIA MPECOBIl 3aJIUIIKOBI
HANPYXEHHS TUM OIbII, UMM OLIbIIa MIBUJIKICTh Ta CTYMIHb 00’ €MHOTO YIIUTbHEHHS
IIPECOBKH 1 YUM MEHIIIE PEai3y€eThCs MPOIEC JIOKATbHO HEOHOPIAHOTO YUIIIbHEHHS
B MIKpoo0O’eMax, CTyHiHb peai3alii SKOTO KOpPeJIe 3 Ppo3MipoM obJacTei
KOTE€PEHTHOTO  PO3CIIOBaHHs, IO  30UTBIIYIOTBCA IO  Mipi  30UTbIIEHHS
MOJTI IUCTIEPCHOCT1 TTOPOIIIKIB, IO CITIKAKOTHCS.

3. Bnepiiie BCTAaHOBIIEHO BENTUYMHY HANPYKEHb, 1110 BUHUKAIOTH B IIPECOBIII, 10
CIIKAEThCSA BHACHIIOK (pa3oBoro mepexody anb(da 3amiza B raMMa 3aii30 I 4ac
HarpiBaHHd 1 B 3BOPOTHOMY HampsAMKY IIiJI Yac OXOJO/KEeHHs. [loBemeHo, o
BEIIMYMHA HANPYKEHb PO3TATYBAHHS Ta CTHCHEHHS B MaTepiayi YaCTUHOK MOPOIIKY
MIEPEBUIILY€E MEXKY TUIACTHYHOCTI 1 cipuduHs€e GOPMYBaHHS CXOIUHOK IMTPOKOB3YBaHHS
JTUCIIOKAIIIH, 110 BUSBISIOTHCS] PACTPOBOIO €IIEKTPOHHOIO MIKPOCKOIIIETO.

4. Briepiie 10BeJeHO, 110 BEIMYMHA HAMPY>KEHb B TOPOIIKOBIN MPECOBIII i
qac CIKaHHS TUM OUThINA, YMM MEHIITUHN CepeHINA pO3Mip MOPOIIKY 1 MIITHIIII 3B’ SI3KH
MDK YaCTUHKAMH TOPOMIKY. [HIMMMH CIIOBaMU, HANPY>KEHHSI B TIPECOBIII TUM O1JIbIIi,
guM OUTbIIa MIIHICTh MDKYACTHHHOTO KOHTAKTY 3YCHUJUISI PO3TATYBAHHS, IO
00OyMOBJICHI JIOKQJTFHO HEOJHOPITHUM YIIUTBHEHHSIM B MaKpooO’ eMax.

5. BcraHoBiaeHo, 110 MeXaHIYHA MIIHICTh CICYEHHX CTaJled  ITCIII



18

TEpMOOOPOOKY MPAKTUYHO HE 3aJICKUTh B1J] BETUYMHU IIUIBHOCTI, KA 3HAYHO 3MIHIOE
MEXaHI4YH1 XapaKTEPUCTUKHU MIIIHOCTI, IPY>KHOCTI Ta TPAHUYHOT'O BUJIOBKEHHS CTaJIeH
TICIISL CTIIKAHHS.

6. B po0OoTi Brepiie BCTAHOBIEHO MOXKJIMBICTh MOKPAIIEHHS YAAapHOI B’SI3KOCTI
HU3bKOJIETOBAaHUX TOPOIIKOBUX CTaJei, OTPUMAHUX 1HXKEKIIHHUM (POopMyBaHHSIM, 3a
paxyHOK TEPMOIMKJIIYHOTO CITIKaHHS B 30HI TeMIEpaTyp (Hha30BOro nNepeTBOPECHHS.

IIpakTHyHe 3HAYeHHS OTPUMAaHUX pe3yabTatiB. OTpumaHi pe3yibTaTH 3
BIUIMBY MapaMeTpiB CIIKaHHA Ha BJIACTUBOCTI MarepiajliB, OTPUMAHHUX METOJIOM
1KeKuiiHoro QopmyBanHs, peanizoBaHo B KHBO «®OPT» s BUTOTOBIEHHS
KOMITOHEHTIB CTPLIEIbKO1 30p0i, 1110 MPaIfOI0Th B YMOBaxX y1apHO-aOpa3uBHOI B3aEMO/III.

OcobOuctuii BHecok 3100yBaya. OCHOBHI pe3yJIbTaTH, IO BiJOOpa)keHl y
JIUcepTaliiHiii  poOoTi, oTpuMaHi 3100yBaueM ocobuctro. IlocTaHoBka 3amad
JOCITI/DKCHHST Ta OOTOBOPEHHS OTPUMAaHHMX pE3yJbTaTiB IPOBEIACHI 3 HAyKOBUM
kepiBHUKOM akanemikoMm HAH Vkpainm, 1. T. H., podecopom Jlobomoro I1. I. ABrop
OpaB Oe3MocCepe/HI0 y4acTh y IUIaHyBaHHI Ta MPOBEJCHHI €KCIIEpUMEHTIB, aHaJi31 Ta
O0OroBOpPEHHI OTPUMAaHUX PE3yibTaTiB. Pe3ynbTatn eKcriepuMeHTaTIbHUX JOCIIIKEHDb Y
BUTJISIZII OMyOJIIKOBAaHUX CTaTeH, Te3 JOMOBiael o(QopMITIOBAIKCS Ta TOTYBAIUCS JI0
JPYyKy 3a aKTUBHOI y4acTi 37100yBaya.

Anpobauisi pe3yiabTariB aucepramii. OCHOBHI HayKOBI IIOJIOKEHHS Ta
pe3yabTaTd poOOTH MPEACTaBICHO Ta OOTOBOPEHO HA HACTYIMHHMX KOH(MEPEHIIISX:
XLVIII HayxoBo-TexHiuHa KoH(epeHiis (akynbTeTy MamuHOOYIyBaHHA Ta
tpancnopty (2019), Mixnapoana HaykoBa koH(pepeHmis «Matepianu s poOOTH B
excTpeMasibHuX ymoBax — 10» (2020), kona-kordepenrris monoaux BueHux. CydacHe
MaTepiaio3HaBCTBO: (i3nKa, Ximis, TexHonorii (2021).

My6aikamii. 3a pe3ynpraTamu OCTIIKEHb OIMYyOJTIKOBAaHO 9 HayKOBHX
myOumiKaIii, y ToMy 9HCIIi:

—4 cTarTi y HayKOBUX (PaxOBHUX BUJAHHIX YKpaiHu (HA MOMEHT OITyOTiKyBaHHS )
3a cnemanbHicTIo 132 Matepiano3HaBCTBO, B T.4U. 3 CTaTTi, y SKUX YHCJIO CIIBaBTOPIB

(pa3om i3 3700yBadeM) OLIBIIE TBOX OCIO;
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— 2 cTaTTl y NepioguyHuX HayKOBUX (PAXOBHX BUAAHHAX, MPOIHIEKCOBAHHUX Y
6azax Scopus 3 kBapTwieM Q3.
Crpykrypa Ta o0csr auceprauii.
Jucepralisi CKIaJaeThes 31 BCTYIY, I'ITH PO3/UIIB, BUCHOBKIB, MEPEIIIKY BUKOPUCTAHOT
JiTeparypu.
3aranpHuil 00csr aucepTauii ckinanae 145 CTOpiHOK, y ToMmy 4ucii 54 pucyHku, 22

TaOJMIIl, CIIUCOK BUKOPUCTAHUX JKEpen 31 63 HalilMEeHYBaHb.
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1 CTAH IPOBJIEMHU BUT'OTOBJIEHHSI BUPORBIB CKJIAJTHOI ®OPMU

Texnonoris imxekuiiHoro autts nopoukis (IJIIT) no3Bosisie BUTOTOBIIATH BUPOOH
CKJIaIHOT KOH(GIrypallii y BEJIMKUX 00’ €Max 3 HU3bKOIO COO1BApTICTIO. Y SIKOCTI MaTepiary
JUIS TIOPOIIKY MOXYTh OYyTHM BHUKOPHCTaHI SIK METaJeBl CIUIaBU, TaK 1 KepaMiuHi
Matepianu. @opMyBaHHsI TOPOIIKOBOI 3aTOTOBKH BiJI0YBA€THCS MIISIXOM BUKOPUCTAHHS
dhopMy1040i MOPOKHUHU Ta MPOIECY 1HKEKIIAHOTO JIUTTS, aHAIOTTYHOTO METOY JIUTTS
TEepMOIIACTUYHHUX TOJiMepiB. ToMy, piBEHb CKJIQAHOCTI KOMIIOHEHTIB MPHUPIBHIOETHCS
JI0 CKJIQJIHOCTI JIeTayiei 3 miacTuky [1].

YV texnonorii IJIII MOXyTh BHKOPHUCTOBYBATHUCH, Oylb-sIKI HOPOLIKU
KOHCTPYKIIIWHUX MaTtepiaiiB, 10 3/1aTHI CIIKATUCh JO BHUCOKOI IIUIBHOCTI 0€3 3MiHM
XIMIYHOTO cKiaay. MexaHiudi BiaactuBocTi MmarepiamiB IJIIT kpamii 3a OuIBIIICTH
NPOAYKTIB TPAAMIIIMHOTO JIUTTS METaJIIB Ta JICUIO TipIil 32 KOBaHI Ta MpOKaTaH1 CTajll Ta
crutaBu. MIKpOCTpYKTYpHI TTOpH ab0 MyCTOTH, SIK PEe3yJbTaT MPOLEeCy BUPOOHUIITBA,
HasiBHI K B TUTHX, Tak 1 B IJII1 marepianax. [Ipore, sKI10 B IMTHX MaTepiajiaX MyCTOTH
MOXXKYTh OyTH BEJIMKI Ta JIOKaJII30BaHI (3aBISKH OXOJOKEHHIO PO3ILIABY JI0 TBEPJIOTO
cTany), To nopu y IJII1-matepianax, sik mpaBuiio, IpiOHI Ta pIBHOMIPHO PO3IOIJIEHI O
00’eMy. TakuM YHMHOM, BEJIUKI, JIOKAJI130BaH1 MOPH B JIUTUX CTAJIAX Ta CIJIaBaX 3HIKYIOTh
MeXaHIYH1 BJIaCTUBOCTI 3HAYHO O1ibInie, HiXK ApiOHI mopu y UJIIL. Topwu, siki 3amummmucs
ITICJIS TIPOIIECY CIIKaHHS, MalOTh HEBEIMKUHN po3Mip (MEHIINH, HIXK pO3MIp MOPOIIIKY) i

PO3MOIUICHI OTHOPITHO.

1.1 llopiBusinass mpouecy IJIII 3 iHmMMHM TexHoJOrisIMEH (OpMYyBaHHS

aerajen

BupobauntBo aeraneii ckiaaHoi GopMU 3aCHOBAHO HAa TPHOX OCHOBHUX MiIX0/aX:
aIUTUBHUM, CyOTPaKTHBHHM, Ta TPOIEC PO3MHOXKECHHS. 3a3BUYal, aJIUTUBHI MPOIIECH,
TaKl K CEJICKTHBHE JIA3€pPHE CITIKaHHS, HE € KOHKYPEHTHUMH T 4ac BUPOOHHUIITBA
ounbire, Hix 10 neraneit. CyOTpakTHBHA MaIlIMHHA 00POOKA MEPEeBaXKaE B TOMY BHUIIAJIKY,

gKio (opMa MmpocTa, KUIbKICTh BUAAJIECHOTO MaTeplaly HeBeluka Ta oOpoOka Mae
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OJTHaKOBY opieHTauit0. Hanpukian, o0podka Ha TOKaApHOMY aBTOMATI Jy»e MPOTyKTHBHA
npu (popMyBaHHI ITIHAPUYHUX KOMIOHEHTIB. KomiroBanibH1 TexHouor1i, Taki sk: 1JII1,
MOPOLIKOBA METaNypris, OUIbII KOPUCHI TpU BEIUMKUX 00’€éMax BHPOOHUIITBA
TpuBuMIipHUX QopMm. Cronu BXOAMTb MpPECYBaHHS, 130CTaTHYHE IPECYBaHHS,
HITaMITyBaHHSA, NpOoQuIbHE KyBaHHs Ta JEKUIbKa IMpoueciB JUTTA. ['onoBHa ocHacTka
CTBOPIOETHCS 3 HETATMBHUM BiJIOOPAKEHHSIM KOMIIOHEHTA, IICJIsl YOro ii 3almoBHIOIOTH
JUTSL CTBOPEHHS TIO3UTUBHOI KOTTi1.

UIIT mae Benukuil ycmix B SIKOCTI PO3MHOMKYBAJIBHOI TEXHOJIOTIl, OCKUIBKU il
MOYKHa BUKOPUCTATH JI0 Mail>ke BCIX MaTepialiB, BOHA 3a0e3Meuye 1yy/10Bl BIACTUBOCTI Ta
CTBOPIOE KOMITOHEHTH 3HAYHOI T€OMETPUYHOI CKJIaaHocTl. Ha BinmMiHy Big MeETOAIB
TIOPOIIIKOBOI METAITyprii, ¢ BUPOOU MArOTh MEPEBAYKHO MPOCTY OChOBY T'€OMETPUYHY
dopmy, Ky MOKHA JIETKO BUJIYYHTH 3 MaTpuili, MeToaamu [JII1 MOXKITMBO OCATHYTH SIK
CKJIaJTHUX TIEPEXO/iB 1O BUCOTI BUPOOY, ACUMETPUYHUX BHUCTYMIB, TaK 1 PIBHOMIPHOTO
PO3MOJIUTY HIUIBHOCTI. BIiJICYTHICTH PIBHOMIPHOTO PO3MOJLTY IIUIBHOCTI TN dac
BUKOPUCTAHHS METOIB TOPOIIKOBOI METalIyprii 3yMOBJIEHO HAsSBHICTIO MK
YaCTUHKOBOT'O TEPTS, SIKE 1HKOJIM 3HIKYIOTh BBEICHHSIM TBEPUX MACTHJI B IMOPOIIKOBY
CyMIlll, TIPOTE 11€ HE JO03BOJISE B MOBHIA MIpl BUWIYYHTH JaHUK (PaKTOp Ta HIBEIIOBATH
IPaJiEHT IIUIBHOCTI IO BHCOTI TPECOBKU. [pamieHTH IMIIIBHOCTI BHKJIMKAIOThH
nedopMarlito Iij Yac CITIKaHHS, OJHOPIJHA HIUIBHICTh B MaTepiaiax i3 3MilllaHUMU
noporikamMu 3a0e3nedye OUIbII PIBHOMIPHI po3Mipu michs ycaaku [2]. 3a3Buyai,
MaTepiaay BUTOTOBIIEHI 3a TexHojoriero IJIII opieHTOBHO y /1Ba pa3u MIIHIII, MAIOTh
3HAYHO Kpally B’sI3KICTh Ta BUIILY BTOMHY MIIHICTb.

Bucoki BnactuBocTti netaneit IJIIT BigkpuBarOTh MHPOKi 1HKEHEPHI MOKIUBOCTI
10710 BUPOOHHUIITBA PI3HOMAHITHUX JETACH, MPOTE OTHIEI0 3 HAHOUTBIIMX MPOOIeM y
BUpOOHUIITBI netaiedt Meromamu IJIII € BuroTOoBIEHHS OCHACTKH. TOMY CBHOTOJIHI
3HaXOAUTh IIMPOKOTO 3aCTOCYBaHHA METOAM aJUTUBHUX TEXHOJOTIH, a came
BinderJetting. B nanomy BUNaaKy NpOBOASTH APYK (PUIAMEHTOM 3 HU3bKUM BMICTOM
3B’SI3KHU, KWW HAHOCUThCA HA JUCIEPCHHUM MOPOIIOK OCHOBHOTO MaTepiany Ta TBEPII€
mia  Jiero  yabTpadioneToBOoro BUMPOMIHIOBaHHS. B mogambmioMy  BinOyBaeThCs

BUJIQJICHHS 3B’S3KM Ta CIIKaHHS BHUPOOIB 10 mIuIbHOCTI 94-99 %. besnepeuno
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BUKOPUCTAHHS aJUTUBHUX TEXHOJOT1H BUKIIIOUA€ HEOOXIHICTh B CTBOPEHHI OCHACTKHU
JUIs TUTBA BUPOOIB, Ta J03BOJISIE BUTOTOBIATH MaJll HapTii, YA MPOTOTUITYBATH BUPOOH.
[IpoTe, Ha BETMKUX MAPTIAX JAHUH METOJ BCE IIE € MAIOMPOYKTUBHUM Ta €KOHOMIYHO
He BUTigHUM [3].

[1ix yac 6aratocepiiiHoro BupoOHuiTBa Ha piHI IJII1 Takok 3aCTOCOBYIOTH JIUTTS
B 000J0HKOBI ¢opmu. OOHMIBI TEXHOJOr MalTh BHUCOKY €()EKTUBHICTH JUIS
BUPOOHUIITBA JCTaJICH CKIIQTHOT (DOPMH Ta 3a3BUYAll BUKOPHCTOBYIOTHCS JUISI PI3HOT Bar
netaneit. Jleran Baroto meniie 20 r. y 90% BUMaaKiB BUTOTOBIISIOTHCS 32 JOMIOMOTOIO
LJIIT, 1o 3a6e3nedye O11bITy €KOHOMIIO MaTepiaiy. 3 iHIoro 60Ky, AeTaji Baroro O1ubiie
100 r. y OUIBIIOCTI BUNIAJIKIB BUTOTOBIISAIOTHCA JUTTAM B 000J10HKOBI (hopmu [4]. [Ipu
30UIBIIICHH] Baru JIeTalli icHye psia HeaomdikiB mpotecy JIIT mepen muttsam, a came:

— BUCOKa c001BapTICTh Ap1OHUX mopomkiB st T

— BEJIMKA CTIHKA JIeTaJIeH TIOTIpIITye BUIAICHHS 3B’ SI3KH;

— 3Ha4YHA PO301’KHICTh Y TOBIIMHI CTIHOK MO MPU3BOAUTH 710 AehopMaliii;

— koHcTpykiis neram IJIIT moTpeOye 1utockoi MoBepXHi AJisi YCTAHOBJICHHS Ha
IT1]0H.

BaxmmBo 3a3HaunTH, 110 OUTBIIICTH JeTajield MOPOIIKOBOI METAIyprii CKIaJIHO
¢dopmu mMaroTh Bary meHmry 3a 100 r. ToMy OCHOBOIO Cy4acHOi MPOMHUCIIOBOCTI B rary3i
BUPOOHUIITBA OaraTocepiiHuX JeTajel CKiIaaHoi (OpPMH 3aKpIILIoE 3a COOO0
texHosorist IJII1. 'V tabmumi 1.1 HaBeaeHa MOPIBHAUIBHA XapaKTEPUCTUKA JUISI OCHOBHHUX

TEXHOJIOTTYHUX METO/IIB BUTOTOBJIEHHS JETaJIEH.

Tabmus 1.1 — [TopiBHATIBHA XapaKTEPUCTHKA METO/IB BUTOTOBJICHHS JIeTaien

[Topomikosa MamvnHna
XapakTepucTuka DIIT ' Jlutra
MeTaTyprist 0o0poOka
ITUTBHICTD 98% 90% 95-99% 100%
MIITHICTh 100% 70% 98% 100%
MAarHiTHI BIACTUBOCTI 100% 70% 95% 98%
00poOKa moBepxHi 0,4-0,8 um 2um 3 um 0,4-2 um
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TOBII[MHA CTIHKH 10-0,1mm 2MM SMM 2MM
KOMIIJICKCHICTD BHCOKa HU3bKA cepeHs BHCOKa
THYYKICTb JIU3aiHY BHCOKa cepeHs BHCOKa HU3bKA
BUPOOHUIITBO BEJIMKUU BEJIMKUU BEJIMKUU HU3BKUN
oocsr oocsr obcsr obcsr
JianazoH MaTepiaiiB BEJIMKUI cepeaHin cepenHin cepeHin
niarna3oH rabapuTiB 0,003-0,5kr 0,1-10xr | Outemie It | Ourpiie 0,1T

OcnoBorw metoxy IJIIT € cyminn mopomiky 3 MOTIMEpOM, SIKUM 3arOBHIOE i
THCKOM MOPOXKHUHY (popmu. B 3a5exHOCTI Bii BUpOOHUKA Ta BUAY BUXIIHOI MPOITYKIIT
MOYKJIMB1 3Ha4YHi 3MI1HH 1 B JOPMOYTBOPEHH1 Ta MOJAAJIBIIIN TepMiUHIA 00pOOIIi eTaneil.
PosryissHemo OUTbINT IeTaJIbBHO OCHOBH1 BUAM BUX1THUX TToporkiB st LJITT.

1.2 Ximiunni OCHOBI  3aii3a,

CKJIAJl TOPOMIKOBHX MarepiajgiB Ha

suroronJennx LJIII

VY mporeci BupoOnuirtBa JII1, BUOip MOpONIKIB € CyTTEBO B3a€MOIIOB'SI3aHUM 3
BUKOPHUCTAHHSAM METO/IiB JieryBaHHs. [Iopomniok Moke MaTi TOMOTeHHHUM XIMIYHUHN CKITa]]
a00 SBIATH COOOIO CyMIIll Pi3HUX METAB Ta CIUIaBIB. Y OCTaHHIN CHTYyaIlil Jeryodi
MOPOIIKKM KOMOIHYIOTBCSI 3 TOpPOIIKOM OCHOBHOTO KOMIIOHEHTa (HAIPUKIA,
KapOOHUTBHE 3aJ1130) 3 METOIO JOCSATHEHHS MOTPIOHOTO XIMIYHOTO CKIaay MaTepiamy [1].

IcHye Tpy OCHOBHHMX METOJM KOMITOHYBAaHHS CIUIABIB JUISl IHXKEKIIHHOTO JIUTTS
noporki (IJIIT):

a) KOMOiHaIlisl €JIEMEHTIB TOJIATae€ y TOEAHAHHI METaliB TEXHIYHOI YMCTOTH 3
MoTpiOHUM XIMIYHUM CKJIagoM. Hampukiiaz, mopomkoBa Cymiln HiKeleBoi crani Oyzae
BKJTIOYATH MTOPOIIKHA KapOOHLTHHOTO 3ai1i3a Ta HIKEJIO, a BYTJIelb MOXKe OyTH BBEICHHIA
3a paxyHOK 100aBok rpadirty [1]. JIst oTpumMaHHS MarHiTHUX CIUIABIB 3 BMICTOM HIKEITO
50% MOXHa TaKO BUKOPUCTOBYBATH METO/1 KOMO1HAII11 MOPOIIIKIB €JIeMEHTIB. BaxkinBo

noati Tpo Te, MO0 TNpU BUTOTOBJICHHI KOMOIHAIlli PETEIbHO KOHTPOJIIOBATU
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TpaHyJIOMETPUYHHNA CKJIa]T YACTUHOK Ta iX PO3MOLT 32 PO3MipaMH, OCKLITBKH I1¢ CHITHHO
BIUIMBA€ HA OJTHOPIAHICTh YCAJIKH Ta PO3MIpIB TOTOBUX BUPOOIB [1];

0) BUKOPHCTAHHS TOMOTE€HHOI'0 3a XIMIYHMM CKJIaJOM HOPOUIKY, IO BJIAETHCS
JOCATHYTHU 3aBJISIKA METOAAMH PO3MUIIOBAHHS PO3IUIABIB ra3oM a00 BOJOK BHCOKOI'O
TUCKY. Hanpuknanm, 1eil mpormec BHKOPHCTOBYETHCS ISl BHUTOTOBJICHHS ITOPOIIKIB
HEpXKaBIIOYMX CTaJel, >KapOMILIHUX CIUIABIB Ha OCHOBI HIKEJIO Ta TUTAHOBUX CIUIABIB.
3a3Bu4ail po3Mip YaCTUHOK MOPOIIIKY BUSBIISIE CTAOUTBHICTS [1].

B) KowmOiHaiis 4YHCTHX TIOpOIIKIB Ta CIUIaBIB IMependavae JeryBaHHS 3a
JIOTIOMOTOK0  3MIIITYBaHHSI OCHOBHOTO KOMIIOHEHTY 13 CIUIaBaMM, $IKI HacHYeH1
JICTYIOUMMHU  elleMeHTaMU. [IOpOIIKK CIJIaBiB  OTPHMYIOTH METOJAMH aToMi3allil,
po3nuIIeHHSIM TazoM abo Bojow. Hampukiax, 3Mmillyroud OJHY YacTHUHY ITOPOIIKY
craBy 55Cr38Ni7Mo, oTpuMaHOro pO3MHUJIECHHSIM y ra30BOMY CEPEIOBHII, 13 JBOMA
YacTUHAMM KapOOHUIBHOTO 3aJ113a MICIIS MPOLECY CHIKaHHs, MOKHA OTPUMATH XIMIYHHIMI
cKJIa] HepskaBirouoi ctami 316L [1].

Yacro B Texnosorii IJIIT 3acTocoByeThess KOMOiHALIIS TTOPOIIKIB PI3HUX XIMIYHHX
eneMeHTiB [1]-[7]. Ha mporiecu criikaHHs 3HAYHOKO MipOFO BIUIMBAE B3a€MO/TisI TOPOIITKIB
€JIEeMEHTIB MK c00010. BuKOpHUCTaHHS TEXHIYHO YMCTUX IOPOIIKIB EJIEMEHTIB €
€KOHOMIYHO BUT1IHUM JIMIIIE€ Y TOMY BUTAJKY, KOJIM BOHU HE MalOTh BUCOKOI PeaKIiiHO1
3JIaTHOCTI 3 KUCHEM Ta BUCOKHM KoeimieHT audys3ii.

[Ipu 3MmimmyBaHHI pi3HMX 3a XIMIYHMM CKJIQJIOM ITOPOIIKIB ITiJl 4ac CITIKaHHS
MOXXYTh TIPOXOJUTH HACTYIIHI TMPOIECH, SKi 3ajekarh Biag (I3HKO-XIMIYHHX
BJIACTHBOCTEH MaTepiaiiB:

— B3a€MHE pO3YMHEHHS KOMIIOHEHTIB Tl JI€I0 TEPMIYHOTO BILIUBY.
[TpumBHIIIEHHS MPOIECY CITIKAHHSA Ta JOCATHCHHS BHMCOKOI OJHOPITHOCTI CIUIABY
BIZIOYBAETHCSA Y TOMY BHIMAJKy, KOJH €JIEMEHT MATPHUII PO3UUHSIETHCS Y JIETYIOUOMY
KOMITOHEHTI;

— PO3YMHEHHS JIMIIE OJHOTO KOMIIOHEHTa B IHIIOMY, MPOTE HE HABIIAKH.
Bracmigok pi3HMX mBHAKOCTEH Udy3ii, 32 paxyHOK MEPEBaKHOTO PO3ZUYNHEHHS

JICTYIOYOr0 KOMITOHEHTY B MATpPHIl, B TMpOIECI CIIKAHHS BHHHKAE 3AJIMIITKOBA
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nopHcTicTh. [lopu MOXYTh YKPYIHIOBATHCH 1 HE 3HUKHYTH B MaTepiaii MICis CIKaHHS,
110 3HAYHO TIOTIPIIIY€ MEXaHIYHI BIACTUBOCTI,

— BIJICYTHICTh B3a€MHOi PO3YMHHI MaTpHUIl Ta JIETYIOUMX KOMIIOHEHTIB; TakKi
€JIEMEHTH BUOMpAIOTh B TOMY BHUIIQJKY, KOJU TMOTPIOHO OTPUMATH KOMIO3ULINHUIMA
Mmarepiai, e CUCTeMY BUKOPHCTOBYIOTh, KOJIM TaKa CUTYAIlisl YaCTO BUHHUKAE Y BUMAIKY
BUTOTOBJICHHS KOMIIO3ULIIMHUX MaTepiajiiB, KOJIM MOTPIOHO 30€perTH 1HANBI Yy aTbHICTD
KOYKHOTO.

Taki neryroui xommoHeHTH sk Cr, Mn, Si IHUPOKO BHUKOPHCTOBYIOTBECS B
MOPOIIKOBUX cTalisix. [IpoTe, 11i eneMEeHTH MaroTh CHIBHY CXWIJIBHICTH O OKHCIICHHS.
OmHMM 13 MOXIIMBHX CTIOCOOIB YHUKHCHHSI OKHCJICHHS € BBEJICHHS JJAHUX KOMITOHCHTIB
y TOEHAHHI 3 IHITUMH €JIeMEHTAaMH 3 HI3hKOIO Yy TIIMBICTIO IO OKUCIICHHS (HAIIPHUKIIa
Fe) [8]. VY takwuii cnoci6 XiMiuHa aKTUBHICTH €JIEMEHTIB JI0 OKUCIICHHS MOKe OyTH 1ICTOTHO
3MeHIeHa [8].

JlonaBaHHs JiraTypd 3 IiJBUIICHAM BMICTOM JICTYFOUMX KOMIIOHCHTIB TIPH
JIETYBaHHI CTICYEHUX CTAJIEH CITPUSE IIBUALIOMY IPOXOKEHHIO IIPOIIECY CIIKaHHS Yepes3
YTBOPEHHSI PiJIKOi a3y 3 HU3BKOIO TemmepaTtyporo miasieHHs. [9], [10]. B tabmumi 1.2
MoJilaHa TIOPIBHSUIbHA XapaKTEPUCTHUKA JJIS JBOX HAHOUIBII MOIIMPEHUX CIOCO0IB
JIETYBaHHS JIJIS1 €JIEMEHTIB, SIK1 CXUJIbHI 10 OKUCIICHHSI.

3aranioM iCHy€ JIeKiJIbKa BapiaHTIB OTPUMAHHA JaHUX CTaJiel 3 BUKOPUCTAHHIM
pi3HUX NULIXIB JieryBanus [11]:

a) BUKOPUCTAHHSI TOTOBOTO CIIABY 3 HEOOX1THUM XIMIYHUM CKjanoM (prealloyed-
PA);

0) cyMim TOpOIIKy KapOOHLTIBHOTO 3amiza (carbonyl iron powder - CIP) Tta
OCHOBHOI Jliratypu (masteralloy -MA), sik TpaBUiio, y TPUKpaTHIA KOHIIEHTPAITii;

B) CYMIII JEKUTBKOX Jiratyp Ta kapooHineHoro 3amisa - CIP+FeCr-FeMo (+FeNi
a00 KapOOHUTBHUH HIKEITh).

Sk Oyro 3a3Ha4YEHO, BUKOPUCTAHHS CyMIIIEH JiraTyp Ta KapOOHUIBRHOTO 3altiza y
texuonorii IJIT1 mae psix mepesar, a came:

— TOYHHIA KOHTPOJb XIMIYHOTO CKJIQAy MaTepiaiy;
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— BHUKOpHUCTaHHs cyMilli JapioHoro nopomky CIP Ta Ouibin rpy0oro mopomky
miratypu (MA) 3HauHO MIJBUIIYE MIIHICTh “CHMpPOro” BIUIMBKA Ta 3HWXKYE PIBEHb
nedopmatii npy CHiKaHHi;

— BUKOpHUCTaHHs ApioHOro nopouky CIP Takox MpUCKOPIOE MPOLECH CIIKAHHS
IPY HU3bKUX TEMIEpaTypax, TUM CaMHUM MOKpalllye€ KIHIEBY LIUIbHICTh Ta MEXaHIYHI
BIIACTHBOCTI;

— 3 KOMEpLIHHOI TOuKku 30py, cymim jiratyp 3 CIP € 3HauHO nemieBmiow s

HM3BbKOJICTOBAHUX CTaJICH y HOpiBHHHHi 3 T'OTOBHUM CIIJIaBOM.

Tabnuus 1.2 — [TopiBHATIBHA XapaKTEPUCTHUKA JIS1 TBOX HAHOLIBIL MOMIMPEHUX

COCO01B JIeryBaHHS

XapakTepucTuKa I'oToBwii cnias CnaBu giratyp
) XimMiuHa aKTHUBHICTD 3aJIEKUTh Bi
. Husbka Ta OJHOp1AHA . . .
Ximiuna . . AKTUBHOCTI Jiratypu. Heonropinna
. XiMIYHa AKTUBHICTH ) )
aKmueHicme ) aKTHBHICTP MDK OCHOBHHUM  ITOPOIIKOM
€JIEMEHTIB JI0 OKHCJICHHS .
(MaTpuIIero) Ta JIraTyporo
. ) Husbka  KUIBKICTH — JIraTypu  JI03BOJISIE
Hmwxye HDK a1 3MIMIaHUX )
CmucHennst ) 30eperTy 31aTHICTh 10 CTUCHEHHSI OCHOBHOTO
TTOPOIIIKIB
MIOPOIIKY
Inyuxicmo 00 ) o .. . XiMIYHHH CKIIa] MOKE 3MIHIOBATHUCH IIUISIXOM
. ®dikcoBaHUH XIMIYHUHN CKJIa]I ) ) ..
XiMiYHO20 CKady 3MIHEHHS KUIbKOCTI JIiIraTypu
['OMOreHHICTh 3aJIEKUTH BII IIBHUIKOCTI
Oonopionicmy . my3ii JTeryounx KOMIIOHEHTIB Y OCHOBHY
[ToBHicTIO TOMOI'CHHA
JIe2yiouUx ) MaTpuIro. Moxke OyTH IMOKpaIleHa MIISIXOM
. MIKPOCTPYKTYpa ) .
KOMNOHEHMIB CTBOPEHHS JIiratypu 3 (opMyBaHHIM PiIKOT
dbazu
. ) [Tpu nonaBaHH1 HEBENMKOI KUTBKOCTI CILJIaBY
Bapmicms Bucoka BapricTh . .
JIraTypy BapTICTh MOXe OyTH 3HIDKEHA

B po6ori [ 12] mopiBHIOBaNKCS TEXHOJIOT1i BATOTOBJICHHS HEp>kaBito4oi ctam 3161
3 BHUKOPUCTAHHSM TMOpPOIIKY ToToBoro cruaBy (pre-alloyed) Ta cymimi miratyp
(masteralloyed). B po6ori [12] 3a3HaueHo, 0 UMM HWKYE TeMIiepaTypa IUIaBICHHS
pinkoi dazm, THM Kpare BimOyBa€ThCs 3MOUYYBAHHS 3aJII3HOT MATPHUINl 1 THM OUTBII
OJTHOP1/THA MIKPOCTPYKTypa hopMy€eThes TicIs crikaHHs. J{Jist yTBopeHHs piakoi da3u y

CIUIaBl 4YacTO BHKOPUCTOBYIOTH KpeMHiM (Si) y KuibkocTi Bim 1-2%. Y HeBeIuMKux



27

KUTBKOCTSIX KPEMHIN 3/7aTeH yABIYl 30UIBIUUTH AUQPY3iI0 JIETYBAIBHUX EJIEMEHTIB Y
MaTpUII0. YaCTKOBO 1€ MOXKE MOSICHUTHU B3a€EMO/IIEI0 KPEMHIIO 3 OKCHIaMHU, SIK1 IPUCYTHI
Ha MOBEPXHI MOPOIIIKY.

JleryBaHHSI MOPOIIKOBUX CTaJled 3a METOJOM CYMIIIl Jraryp Brepiie OyJio
3a3Ha4yeHo B nareHTi NeUS40711354A Big 1978 poky [13]. OcHOBHOIO NIpoOIEMOL0 MTpH
BUKOPUCTaHHI CyMillll JIraTypyd € OTPUMaHHS TOMOT€HHOTO PpO3MOJUTY JETYHUuX
€JIEMEHTIB B 3a113H1M MaTpul. Tak sk audy3is aToMiB Mif] yac TBEpA0(a3HOro CiKaHHS
oOMexeHa KUIBKICTIO KOHTaKTIB MK YaCTUHKaMH MOPOIIKY, JaHUWA MpOLEC JTOCHUThH
NOBUIBHUIM 1 HE JO3BOJISIE OTPUMATH TOBHY TOMOT€HHICTb CyMillli. TOMy CyMmilll TOPOIIKY
JiraTypy mi0MparoTh TaKUM YMHOM, 1100 MiJ Yac CMIKaHHS YTBOPIOBAJACh HEBEIHMKA
KUTBKICTB P1KOT (pa3u, sika 31aTHA y pa3u MPUCKOPUTH rpotiec nudy3ii enemenTiB. Pinka
¢aza niraTypu MOBHHHA MaTH BUCOKY TEKYYIiCTh Ta BUCOKY 3JIaTHICTb IO 3MOYYBaHHS
OCHOBHOI 3J113HOT MATPHII.

B Tabnuii 1.3 HaBeneHo XiMIYHMM CKJ1a1 HAMOLIBI omupeHux y TexHoorii [JITT

HU3bKOJIETOBAaHUX cTayiel 3rigHo ctanaapty MPIF 32 2016, CIIA [5].

Tabmuma 1.3 — XiIMIYHMHA CKJIaJ HUA3BKOJIENOBAHUX CTaJlell HAWOLIBII

nomupeHux y Texuosorii IJITT

Koz Ximiunuii ckiaan, %o
Martepiairy Ni Mo C Cr Si (max) | Mn(max) Fe
MIM-2200 1.5-2.5 0.5 max 0.Imax — 1.0 — 3aJIMILOK
MIM-2700 6.5-8.5 0.5 max 0.1 max — 1.0 — 3aJIMILOK
MIM-4140 — 0.2-0.3 0.3-0.5 0.8-1.2 0.6 1.0 3aITUIIOK
MIM-4605 1.5-2.5 0.2-0.5 0.4-0.6 — 1.0 — 3aJIMILOK

1.3 BiuiuB JieryBajibHUX J00aBOK HA CTPYKTYPY HOPOIIKOBHUX CTaJIei

[Tlin 4ac dopmyBaHHS MIKPOCTPYKTYpH, (pa30BOr0 CKJIAAy Ta KIHIICBUX
eKCIUTyaTallifHIX BIACTMBOCTEHW JWBApPHUX Ta TOPOIIKOBUX CTaJlel KIIOYOBY PpOJIb

BIJITPaIOTh JIETYBaJbH1 €J1eMEeHTU. B 3aleXHOCTI BiJl MPUPOAU JIETYBAIBHUX JOOABOK,
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MOXJIUBO KEpyBaTH MEXaHIYHUMH, XIMIYHUMHU (OKHUCHA, KOpPO3iiiHAa CTIUKICTB),
MarHiTHUMH BJIACTUBOCTSIMH TOIIIO [ 14].

Byrneup HaliBayKIMBILIWHI JETYIOUUH €1EMEHT, SIKUI 30UIbLIY€ MILHICTb CTaleH Ta
3JIATHICTB 70 rapTyBaHHA. KoHIIEHTpallisl ByTJIEIIO TAKOK CYTTEBO IUIMBAE HA MApaMETPU
ylapHoi B’si3kocTl. B Hachigok GopMmyBaHHS B MIKPOCTPYKTYpl CTaled MHepiiTHUX
obnacteil BiIOYBAa€ThCS 3HMKEHHS IUIACTUYHOCTI Ta B’S3KOCTI BYTJICLIEBUX CTaJeil.
Hanpuknan, temmneparypa B’S3KO-KPUXKOI'O MEpeXOAy MOCTYIMOBO 30UIbLIYETHCS 3i
3pocTaHHAM BMICTY Byruiemo (puc.l.1) [15]. [IpucyTHicTh mepiiTy y MIKpOCTPYKTYpi
CTBOPIOE YMOBH JIJIsI JIETKOTO 3apO/PKEHHS TPIIIKH, B 0COOJIMBOCTI Ha (PepUTO-NIEPIIITHIN
rpanuiil. OCKUIBKM TpIllMHA MOXKE MOLIMPIOBaTUCA y (EepUTl JIUIIE HAa HEBEIMKIM
BIICTaH1 JI0 TOTO, SIK 3yCTpIHE 1HIIIY JJaMellb TBEPIOrO LIEMEHTY, CHEepris MOIJIMHAETHCS
Ml Yac pO3MOBCIOKEHHS TPIIMHU. Sk pe3ynbrar, ICHYye IIMPOKHI [iama3oH
TEeMIIEpaTypHOTrO mepexony. BTiM, HU3bKa 30aTHICTh NOPOTHIISTH  YAAPHUM
HABAHTAXXCHHSAM TMEPJITHOI CTPYKTYPU BUHHUKAE Yy 3B’S3KY 3 3apOJKCHHSM BEJIHKOI
KUTBKOCTI MIKPOTPIIIIUH Ha TPaHUI 3 TEPJITOM, IO pa3oM 3 BHUCOKOI IIBHIKICTIO

nedopMariifHoro 3MilHEHHS (HAKIJIEIy) 3MEHIIye 00JacTh IacTHUHOi aedopmariii B

OKOJIUIIIX TPIIIUHU.
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a — TeMIepaTypy B’SI3KO-KpPHUXKOTO TIepexoay; 6 — koedirieHT TpimuHocTinkocTi (Kic)
BYTJICTICBOI CTaTi

Pucynok 1.1 — BruiuB BMiCTY BYIJICIIO HAa BIACTUBOCTI cTaew [15]
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Hikens (N1), SK JIEryl0UMii €J€eMEHT IMIMPOKO BUKOPUCTOBYIOTH Y MOPOILIKOBIN
MeTannyprii. BiH Mae HU3bKY CXWIBHICTH JI0 OKUCJICHHS, MPOTE MOBUILHO AUPYHIYE Y
3aJ1130, TOMY MOTpeOye BUCOKHUX TEMIIEpaTyp CHIKaHHS Ta 30UIbIICHHS Yacy BUTPUMKH.
Hikenb mnokpaiye MeXaHIYHI BIIACTMBOCTI CTajei, a TaKOX 30UIbIIYE YCAAKY
MOPOLITKOBUX 3aTOTOBOK.

['ereporeHHa MIKpPOCTPYKTYpa 3 JIOKaJbHUM TiJIBUIIEHUM BMICTOM HIKEIIO
3MEHIIIy€E YyTJIMBICTh A0 HAJAPI3y, a TaKOX 30UIbLIYE MILIHICTh Ta YAApHY B’A3KICTh
TepMooOpoOieHux matepianiB [16] [17]. Ha pucynky 1.2 3006paxxeHo rpadik 3aIe:xKHOCTI

ynapHoi B’si3kocti (MeToz lapmi 0e3 Hazipi3y) HOPOIIKOBHUX CTalel BiJ BMICTY HIKEITIO.

2 9.9 —

g 82

2 2 6.8

2 =54

=~ 4.0 | . |

0 / 2 3 4
Hikens, %

Pucynok 1.2 — I'padik 3ame:KHOCTI y1apHOi B I3KOCTI IMTOPOIIKOBUX CTaJICH Bijl BMICTY

Hikemo [18]

3a pe3yinbTaTaMd TPOBEICHUX JOCITIPKEHb BCTAHOBJICHO, IO TE€TEPOTeHHA
ctpyktypa B cramax IJIII Fe-Ni moke 3a0e3medyBaTH BHCOKI MEXaHIuHI
XapaKTePUCTUKH, BUSBIAIOYH J00pe 30aaHCOBaHY B3a€EMOJIII0 MK MIIHICTIO Ta
macTraHicTIo [19].

Momni6aen (Mo) —1ie TyromiaBKuii MeTaj, SIKUi 301IbITye MEXaHIdHY MIIHICTh
P BUCOKUX TEMIIEpaTypax, IOKpaIlye 3HOCOCTIMKICTh Ta MPOrapTOBYBAHICTb.

MornibaeH cuiibHUM KapO1I0yTBOPIOIOUUN €JIEMEHT, SIKUH yTBOPIOE 3 BYIJICLIEM CTIMKI
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kapO111 MoC ta Mo,C. BiH migBuIiye CTIMKICTh CTalel MPOTH BIAIYCKY Ta y HEBEJIUKUX
KUTBKOCTAX MOKPAIIY€E TUIACTUYHICTh MMOPOIITKOBUX CTAJICH.

Kpemniii (S1) — HanexuTh 10 cTalieH, skl 3BY>KYIOTb Y — 00J1acTh Ha aiarpami Fr-
Si. KpemHuiii nemeBuii eneMenT, npu KoHIeHTparisx outbie 0,3-0,4% BiH BBaXKaEThCS
JIETYIOUMM €JIEMEHTOM, SIKHd BBOJUTHCS JUISl MIABUIIEHHS MILHOCTI (DEPUTHOI MaTpPHULIL.

XpoMm (Cr) — BUKOPHUCTOBYETHCS Y MOPOIIKOBUX CTaJSX 3 METOIO IMiJBUIIICHHS
MIIIHOCT1, 3HOCOCTIMKOCTI Ta OTPUMAaHHS OCOOJMBHUX (DI3MKO-XIMIYHUX BJIACTUBOCTEH.
XpoM 3HAYHO MIABHUIIYE 1HKYOAI[IHUI Mepio/i MOBHOTO PO3MAaTy ayCTEHITY MPU HOTro
130TepMIYHOMY MIEPETBOPEHHI. XPOMHUCTA CTaJIb MEHIII CXUJIbHA JI0 MIEPETPiBY, HA BIIMIHY
Bil TPOCTOi ByrjieneBoi crami. Takoxk, XpoM € CHJIBHUM KapOiToyTBOPIOIOYNM
ereMeHToM [ 14].

BukopucTaHHs y TIOPOIITKOBIi METaTyprii JIETYFOUUX €JIEMEHTIB, TAKUX SIK: XPOM
(Cr), mapranenp (Mn) Ta kpemHiil (S1) yCKIQAHEHO MO MPUYUHI iX CXMIBHOCTI J0
okucieHHa. OKpiM TOro, OKCHJM TaKuX €JEMEHTIB Oy e CTaOUIbHI NMpU BUCOKIN
temrneparypi. I[IpoTte, mepeBara jeryBaHHsS XpOMOM — HHU3bKa IliHA Yy TOPIBHSHHI 3
HikesneM. Takox, BUKOPUCTaHHS JaHUX €JIEMEHTIB J1I03BOJIIE OTPUMATH MIKPOCTPYKTYPY
3 BUCOKMMH MEXaHIYHMMHU BJIACTUBOCTSAMHU 0€3 HEOOXITHOCTI BHCOKMX IIBHUIKOCTEH
oxoio/pkeHHs. Bignosnenns okcuniB Cr, Mn, Si € 10CUTh HE IPOCTUM 3aBJIaHHIM TOMY
BBE/ICHHS JIaHUX JIETYIOUMX BUMAra€ BUCOKUX TEMIIEpPATyp CHIKAHHSA, a TAKOX 3aXHUCHY
atMocdepy 3 HU3BKHUM BMICTOM KHCHIO Ta BOAsSHUX mapiB [20]. BiqHOBIEHHS OKCHAIB
MO>Ke BiIOYBaTUCh Y 1HEPTHIN aTMocdepi 3a TOOMOTO0 XIMIYHO1 peakilii i3 ByTJIeleM B
inTepBaii Temrepatyp Bix 700 go 750°C (puc.1.3).

Sk 3a3HaueHO B po0OOTI [8], BIIHOBICHHS OKCHIIB METAJIB MalOTh IMPOXOJIUTH
IUIIXOM peakilii Ta30BOr0 YW TBEPAOrO BiJIHOBHHUKA 3 BHBEJICHHSM ITPOIYKTIB
BIJTHOBJICHHS Yepe3 BiAKpuTi mopu. [IpoTe 3a paxyHOK peaxilii MpoyKTiB BiTHOBICHHS 3
JIETYBAIbHUMH €JIEMEHTAMH, SIKi 3HAXOMATHCS HA MUIIXYy TOTOKY Ta3y, Jeryrodl
“3aXOTUTIOI0TH” KMCEHb 3 BHYTPIMIHBOI atMocdepy, GopMyroun HabaraTo cTabimbHIMmI

OKHCJIH, JIJIS1 BLTHOBJICHHSAM SIKHUX MOTPiOHI BUCOKI TEMIIEPaTypH.
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BUJIAJICHHSI BYTJICKHUCIIOTO Ta3y

Pucynok 1.3 — PesynbraT TepmivHoro ananizy nopomky Fe-0.5%C [8]

VY TakuxX BHIIQJKax € JOILTPHUM BUKOPHCTaHHS aKTUBHOI aTMOC(EpH BOIHIO IS
BIJTHOBJIEHHSI OKCHIIB 3aii3a Mpu HU3bKUX Temneparypax (400-450°C). Baxmuso
BIZI3HAYMTH, IO IMiJT Yac MPOIECY HarpiBaHHsS BYTJCIEBUX CTAJCH y YMCTOMY BOIHI
BUHMKA€E 3HauHa KUIbKICTh MeTaHy (CHy4). YTBOpeHHSI MeTaHy aKTHUBI3YEThCS 32 Y4aCTIO
nomimok eneMeHTiB Cr, Mn, Si, M0 NpHU3BOIWTH N0 I1HTEHCHMBHOI JaeKapOiau3alii
oOpobneHoro wmarepiamy. Bci MeTaneBi TOpOIIKH, $SKI BHUKOPHUCTOBYIOTHCS B
MIPOMHCJIOBOCTI TIOKPUTTI OKCHAHMMHM TUTIBKAMH, SIKI HEOOXIJHO BiJHOBIIIOBATH JJIS
3abesredeHdss (OpMYBaHHS KOHTAKTIB miJl 4Yac cmikaHHSI. OKCHIM METalliB MOYKHA
BIJTHOBUTH 32 Y4acTIO aKTUBHOI atMoc(epu BOIHIO (UB. piBHIHHS 1) abo uepes mpsmi
ab0 HeTpsiMi peaxIlii 3 ByTJIeHeM, SKU MPUCYTHIA y BYTJICIIEBUX CTANISAX (JIUB. PIBHSIHHS
2 ta 3). [1o3a mporiecoM BiTHOBJICHHS OKCH/IIB, BAKJTMBO BiI3HAUUTH TAKOXK peakIlio (4),
7€ TIPH BUCOKHX TeMITepaTypax HassBHICTh MOHOOKCHTY ByTJIeIt0 CO BUSBISETHCS OLUTBIIT

HMOBIpHOIO.
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MeO + H,—Me + H,O (1)
MeO + CO —Me + CO, (2)
MeO + C —-Me + CO 3)
CO,+2C=CO 4)

B po6orti [21] BcTaHOBIIEHO TEMIIEPATYpPU BIAHOBIIEHHS YUCTHUX OKCHJIIB METAIIB
KapOOTEPMIUHUM HUIAXOM Iij1 yac crikaHHs. OKCHIIM 3aj1i3a MOBHICTIO BiTHOBIIIOIOTHCS
y mianaszoni temmepatyp Big 800 mo 1050 °C; ans Cr,O3 mounHae BIAHOBIIOBATUCH MPU
temmneparypi 01u3bko 1136°C; okcua MnO, BinHOBMIOeTHCS 10 MnO npu Temneparypi
1000°C npote BimHoBieHHS MnO mnotpeOye 3HauHO BUIIUX Temriepatyp~ 1373°C.
Oxcun xpemHito SiO, HaWOUIbII CTAaOUIBHUN OKCHJ, WOro kKapOoTepMiuHa peakilis
BIJIHOBJICHHS pO3MOYHMHAETHCA MpH Temriepatypi 1200°C 1 OBHICTIO 3aBEPITYETHCS JIUIIIE

3a 1400°C, 1110 3HaYHO MEPEBUIILYE TEMIIEPATYPY CIIKAHHS BYTJICIIEBUX CTaJICH.

1.4 Bruus pizHux (paxkropiB Ha MexaHiuHi BaacTuBocTi crauei IJITT

MexaHiuH1 BIACTUBOCTI CIIEUEHUX MaTepiaiiB IMiIal0ThCs BIUTUBY PI3HOMAaHITHUX
dakTopiB, TaKUX SK: MIKPOCTPYKTypa, BMICT BYIJICIIO, PO3MIp 3€peH, po3Mip Top,
HOPUCTICTh, (GOPMY TOp 1 OJHOPIAHICTH XIMIYHOTO CKJIamy. Jlias 3MeHIIeHHS
KOHIICHTpAIlli Hampy>KeHb, HallOaxaHIUMU € chepuyHi MOopu. 3POCTaHHSA PIBHS
MIITHOCTI TIOB’SI3aHO 31 3MEHIIIEHHIM po3MIpy Top Ta iX cdepoimuzanii [22]. Ao amis
KOBaHMX CTaJeH ICHy€ 3BOPOTHA 3AJICKHICTh MK B'SI3KICTIO Ta MEXKEI0 TEKYy4OCTI, TO IS
MOPOIITKOBUX CTaJiel CIOCTEPIraeThCs MpsiMa 3aJISKHICTh MK YJApHOIO B'SI3KICTIO Ta
ITUTbHICTIO. B pe3ynbraTi mpoBeieHnX AOCTIKEHb BCTAHOBIICHO, IO JIJIS TIOPOIIIKOBHUX
CTaJiel 3 BIAHOCHOIO IIUIBHICTIO > 94%, MeXaHI9HI BIACTUBOCTI IIPOSBIISIOTH CXOXKICTh 3
KOBaHUMU cTajsiMu [23]. 3aramom 3amuiikoBa mopucTicTs s cranen LJIIT ckinamae: 4%-
5% — muia Hu3bKoJIeroBanux crajueit Ta 3%-2% — 1uist KOpo31MHOCTIMKKX CTaJeH.

B po6oTi [24] mpoBeneHO MOCTIIKEHHS BIUIMBY 3aJIHINTKOBOI TOPHCTOCTI MiCIs
CHIKaHHA HAa MEXaHIYHI BJIACTUBOCTI HU3bKOJIETOBaHOI mopomrkoBoi ctami 0.45% Mn,

0.45% Cr, 0.9% Ni, 1.0%Mo, 2% Cu, 0,65-0,8 % C. Y xo/1 J0CIIIKEHHS ITPOBEACHO



33

BUMIPHU MEXaHIYHUX MMapaMeTpiB MICHA chiKaHHA Ta BiAmycky rnpu 205 °C npotsarom 60
xBWIMH. [loka3aHo, 1110 MIIHICTh HA PO3PUB JIHIMHO 3pOCTa€ 31 IIUIBHICTIO JUIsI 000X
KOHIIEHTpaIlli ByIJIeHmo. Y wmarepiajiax 3 MEHIIOW KuibkicTio Byriaemto (0,65%) —
HaiOUIbIIa MILHICTh Ha PO3PUB MPU MAKCUMAJBHIN IIUIBHOCTI. 3 POCTOM IILIBHOCTI
3paskiB 3 6,8 r/em® 10 7,7 r/cm® , MinHicTs Ha po3pus wis crami 3 0,65% C 3pocma 3 900
MIlla no 2050 MIla. Cmig 3a3HauuTH, 110, HaBITh, NMPU MAKCUMAJbHIA HIUIHHOCTI
marepiaily, BiJICOTOK BiTHOCHOTO BHJIOBXKEHHS JUIsl 000X CTajied 3HAYHO HWXKYUH, Y
NOPIBHSIHHI 3 KOBaHMMM CTaIMUA. YJapHa B’S3KICTh IIBHJKO IJBHUILY€EThCS 31

3pocTaHHAM IinbHOCTI. Hmkue 7,15 r/cm’

o0ujiBa MaTepiaid MalOTh CXOXKY yIapHY
B’SI3KICTh, IPOTE 31 3pOCTAHHSM HIUTBHOCTI, MaTepian 3 0,65 % C nabyBae 3HAYHO BUIIIMX
MOKAa3HUKIB yIapHOi B’si3kocTi. [3octarnune rapsiue mnpecyBanns (['1II) moxe
3aCTOCOBYBAaTHUCh 3 METOI IOKPAIICHHS MEXaHIYHUX XapaKTePUCTHK IMOPOIIKOBUX
CTaJiel, 30KpeMa yJIapHOi B’SI3KOCTI Ta BTOMHOT MIITHOCTI.

B po6ori [25] mokazano BB I'lI1 Ha HU3bKOJEroBaHy crneueHy ctaib MIM-
8740 (0.55Ni-0.5Cr-0.25Mo). JlogatkoBe MpecyBaHHs CIIEUEHUX 3pa3KiB Bi0yBaioCh
npu temrepatypi 1121°C ta 1163°C. I'apTyBaHHS NpPOBOIWJIOCH MPH TEMIEPATYpi
aycrenizamii 885°C, temmeparypa Bimmycky 260 °C — omnHa romguHa. Pesynbraté
BUITPOOYBAHHSI 3pa3KiB Ha PO3TAT Ta YAApHY B’ s3KICTh (3a MeToaoM Illaprii 6e3 Haapizy)

[oKa3adi B Ta0iwmi 1.5.

Tabmumg 1.5 — Pesynbratd BUTIPOOYBaHHS 3pa3KiB Ha PO3TAT Ta yAapHY

B’s13KICTBb iy criikanus Ta [T [25]

I'panuns I'panuns Bignocue ] Ynapna
Cran marepialy  |IUJIACTUYHOCTI,| MIITHOCTI, | BUJIOBXKEHHH, Teepaicr, B’SI3KICTb,

MIla MIIa % v Jlx/em?
CrikanHs 452+58,7 753+64,7 9+2.2 156 49
TepmoobpoOka 1159436 1723465 2,3+0,6 487 14
I (1121°C) 511+72,9 841+66,1 11423 — 103
I'TIT (1163°C) 474+26,6 830+27,2 10+2,7 216 103
I'I (1121°C)y+TO 1675+£36,8 1936442,7 6+0,6 505 191
I'II(1163°C)+TO | 1674+50,4 1936+56,6 60,7 547 189
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BianosigHo 10 oTpumanux aanux (tadm. 1.5) mopomikosi ctami micis I marots
NpakTHyHO Oe3nopuctuii ctaH (99 % WIUIBHICTH), BUCOKY MILHICTh Ta BIJHOCHE
BUJIOBKEHHA. [IpoTe OCHOBHUI BIUTMB JITaHOI TEXHOJIOT1YHOI OMepalli € JuIie 3MiHa
HIUTBHOCTI, CYTTEBHM CTPUOOK BIACTUBOCTEH MJOCATAETHCS I 4YaC BUKOPUCTAHHS
komOinaii I'IIT + TO.

VY nocnimxeHHi [26] aHani3yBaBcs BIUIMB PI13HOI CTYNEHI HOPUCTOCTI HA MEXaHI4H1
XapaKTEepUCTUKU TMOPOIIKOBUX 3ami3Hux cranel. Ha Pucynky 1.4 npencraBneHo
BIJTHOIIIEHHSI MEXaHIYHUX BJIACTUBOCTEH, TaKUX SK MeXa MIITHOCTI, TJIACTUYHICTh Ta

yJlapHa B'SI3KICTh, 10 PIBHS MOPUCTOCTI.
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Pucynox 1.4 — 3B's130k Mi>k MEXaHIYHUMU BIACTUBOCTSIMH (MEXEIO MIITHOCTI,

TUTACTUYHICTIO, YAAPHOIO B'SI3KICTIO) 1 3aJIUIITKOBOIO TIOPUCTICTIO IMICHS CITIKaHHS [26]

besnopucTuii Matepian Mae BIAHOCHY HIUTBHICTG “1”. Haxum miHii Ha KOKHOMY 13
rpadikiB BU3HAYAE YyTIAUBICTH MApaMETPy J0 3ATUIIKOBOT MOPUCTOCTI. SIK TTOKa3aHO Ha
pucyHKy 1.4 3amumikoBa MOPUCTICTh 2% BIUTMBAE HA KOXKEH MapaMeTp MO PI3HOMY.
Hanpuknan, 3HmwKeHHST MeXi MIITHOCTI o4iKyeThesi e Ha 4%, Ha 10% 3HU3UTHCA
IUTACTUYHICTH IO BTHOIICHHIO 10 Matepiany 31 100% mreHicTIO. TIpoTe, HaROLTBII
YyTJIMBAM TIAPAMETPOM JI0 3aJIMIIKOBUX TIOP € yAapHa B’sI3KicTh. [l Marepiaiy, sSKuid
Mae jmme 2% Top, yaapHa B’s3KiCTh 3HHM3HTBCA Ha 40%. 3rilHO 3 MPOBEICHUMU

EKCIIEpUMEHTAJIbHUMH  JTOCIIDKEHHSMH, BHUSBJICHO, IO €(QEKTHBHICTH ITiABUIIICHHS
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BJIACTUBOCTEH, TAKHX SIK y/IapHa B’SA3KICTh Ta IPaHULI BTOMHOI MIITHOCTI, HallBUILA [TPU
BUJIAJICHHI 3aJTUIIIKOBUX TIOP.

VY nocnimxenHi [27] aHani3yBaBcsl BIUIMB 130CTAaTUYHOIO rapsyoro MpecyBaHHS
(T'IIT) Ha MexaHIYH1 XapakTepUCTHKH criedeHoi ctami MIM 17-4PH. byno Bukopuctano
pizHy Temmnepatypy crikanHs 3pa3kiB (1260°C ta 1285°C), a Takox pi3HY TEMIIEpaTypy
13octatnunoro npecysanns (1121°C ta 1163°C). [Tapamerpu asis I'IIL: Trck npecyBanHs
103MIla, ButpumMka 4 roauHu. YjapHa B’s3KiCTh BUMipsiHa 3a meronom [lapmi Ha
3paskax 3 V-nonioHum HajapizoM. OTpuMaHi JaHi y TpoIec JOCTIKEHHS TOKa3aHo Y

Tabmum 1.6.

Tabmung 1.6 — Yuapua B s3kicts ctani MIM 17-4PH 3a metogom Illapmi Ha

3pa3kax 3 HajpizoM [27]

Y napha B’s3kicTh (V-Hapis), Tx/cm?

1260°C; 1 ronuHa cIiKaHHS 1285°C; 1 roguHa CiKaHHs
ITicna crikaHHs 5,4 6,8
I 1121 °C 244 21,7
I'I1 1163 °C 17,6 20,3

3 tabnui 1.6 3po3yminio, 10 iCHy€e 3HaYHE 30UTBIICHHS yAapHOI B’SI3KOCT1 JIJIst
3pa3kiB micis ['II1. Po301kHICT y JaHUX IS PI3HUX TeMIIepaTyp Moke OyTH ITOB’si3aHa
31 30UIBIIICHHSM PO3MIpPY 3€PEH.

[a1oro nepeBaroro Bukoprctanus nporecis ['II1 y rexuomorii JIIT € migBumieHHs
TE€OMETPUYHOT TOYHOCTI JeTaneidl. Y Tporeci 130CTaTUYHOTO TPEeCyBaHHS JeTai
VIIUTBHIOIOTHCS 10 TEOPETHYHOTO MAaKCUMYyMY, TOMY TPaJi€eHT TEMIIEpaTypy B CEPEIUHI
Mevi I 9ac CIKaHHS HE BIUIMBAE€ HAa PI3HUINIO IIUTHBHOCTI JeTajei, a oTke 1 Ha
Tr€OMETPHUYHY CTaOLIBHICTD. TaKoX BiIOMO, IO 3 IMIABUIICHHSIM IIUTBHOCTI ICTAICH ITiJT
gac ['1I1 mokpamrytoThcst TBEPIICTh Ta MIIHICTh HA PO3PHUB, MPOTE OCOOIMBE 3HAYCHHS
JlaHa oreparlisi HabyBae Mpu 301IBIIICHH] TUHAMIYHUX XapaKTEPUCTHK MaTepiary TaKuX
SIK: BUJIOBKCHHS, BTOMHA MIITHICTb, yAapHa B s3KicTh [28]. B Tabmmmi 1.7 mokaszaHo aeski

MexaH14yH1 BiacTuBocTi MatepianiB IJIIT mo Ta micms 'L
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Crnin 3a3HauMTH, 010 3AJIMIIKOBA MOPHUCTICTh L€ JIMIIE OJUH 13 THIMIB
MIKPOCTPYKTYpPHUX Ae(eKTiB, 1m0 npucyTHi y IJIIT marepianax. CTOpOHH1 BKIIOUEHHS, Y
dbopMi OKCHMIB, Cynb(DiiB, CUIIKATIB Ta 1H. MOXYTb MOTIPIIYBaTU MEXaHI4HI
BJIACTUBOCTI, TaK CaMo, SK 1 3aJTUIIIKOBA MOPUCTICTh. Berka KUTbKICTh TAKUX BKIIFOUEHb,
MO’KE 3HAUYHO 3HU3UTH BIAaCTUBOCTI Marepiay micias I [29].

B poGoti [30] mpoBeneHO MOCHIHPKEHHS MEXaHIYHMX BJIACTMBOCTEH CIEUEHOT
KOpPO31MHOCTINKOI cTay aycTeHiTHOro kiacy MIM-304L. BukopucToByBanucsi pi3Hi
THUIH MOPOIIKIB, OTPUMAHUX PO3MUIIEHHSM Y ra3oBoMy cepenioBuiii 1a y Boay (I'P ra BP,
BIZIMOB1IHO). BMICT KUCHIO JI TTOPOIIIKIB, OTPUMAHUX PO3MIICHHSM Y BOJY, CKJIAIae
0,39%, HATOMICTb MOPOIIKH, OTPUMaH1 PO3MUIICHHSM Y Fa30BOMY CEPEIOBHILIL, MICTSTh
nuire 0,07% KucHIo.

Tabmung 1.7 —Mexaniuni BinactuBocTi Marepianib IJIIT mics TITT [28]

. I'pannns I'panuus BigHocHe VYnapHa
. IIinbHICTB, . . . S
No | Hassa marepiany or? TEKYy4OCTl, | MIIHOCTI, | BHJOBXEHHS, | B’SI3KICTb,
MIla MIla % Jx/cm?
17-4pH (prealloy)
1 98,51 — — —
JIIT ’ >4
17-4pH (prealloy)
2 UTIT + T 99,89 — — — 9,5
17-4pH
3 92.39 — — — .
(masteralloy) IJITT 68
17-4pH
4 (masteralloy) 100 — — — 20.3
IJIIT + I'IIT
5 F2886 (F75) UIIT 95 552 897 15 —
F2886 (F75)
6 _
LT + T 100 552 897 20
7 F562 JII1 95 379 758 30 —
8 | F562 UIMI+TIII 100 345 793 60 —
9 Ti-6Al1-4V 11 97 869 910 13,5 —
Ti-6A1-4V I +
10 100 958 980 13,0 —
I'1

BceranoBieno, mo MiHICTE Ha po3puB st nopomikiB BP, cnedenux mpu

temneparypi 1397°C,cxoxa no wminHocTi aya nopomikiB I'P, cneuenux npu 1410°C.
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[Ipote, BinHOCHE BUIIOBKEHHS MaTepiaity 3 Mopouiky ['P 3HauHO mepeBUIIly€e MOPOIIOK
BP. I'panuns BTOMHOI MinHOCTI ckjana npuoauzno 300MIla ans mopomky BP Ta
310MIIa nns mopomiky I'P. Otpumani pe3yabTaTH ACI0 MEHIII, HIXK JJIsl KOBAHUX CTajeit
CXO0XKOT0 XIMIYHOTO CKJIaJy.

HasiBricTb 3amuikoBoi mopucrtocti B IJII cTansx BriMBae He Jullle Ha MIITHICTh
Ta TUIACTUYHICTh, aje ¥ Ha yJIapHy B’S3KICTh. YAapHa B’s3kicTh anus cranei [JIIT
periaMeHTyeThCsl TUTbKU JUTs 3pa3kiB 0e3 Haapizy (MPIF Standart 59, nepepiz Smm x
10mMm). HatomicTh, maHuii TIOKa3HUK Uil KOBaHUX Ta mpokaTaHux craned 31 100%
HMIUTBHICTIO, Y JIOBIIHUKAX MPUBOJUTHCS TUIBKH Ui 3pa3KiB 3 Ha/pi3oM. B ocHOBHOMY,
1€ TOB’SI3aHO 3 3AJIUIITKOBOIO TIOPUCTICTIO, sika pucyTHs y IJIIT cramsax [6].

VY po6oTi [6] mpoBeeHO MOPIBHIHHS YAPHOI B’SI3KOCTI CIIEYEHOT MTOPOIIIKOBOT Ta
koBaHoi crtam 17-4PH. Jlns BUMIpOBaHHS BHKOPHUCTOBYBAJIM 3pa3Kd 3 PO3Mipamu
5x10x55mm ta 10x10x55MM, oTpumaHi TCiS CIIKaHHA 1 TePMIYHOI OOpoOKu (3
napametrpamu H900). ExcnepuMeHTanbH1 JOCTIKEHHS TOKA3ylOTh, IO 3HMKCHHS
yIapHOi B’SI3KOCTI JUIsl 3pa3kiB, BUTOTOBIEHHMX 3a goromororo LJIII, BinOyBaeThcs
TOJIOBHUM YHHOM 4Yepe3 3aIUIIKOBY TOPHUCTICTh Ta PO3MIPHU 3€PEH.

CriedeH1 3pa3ku 3 HAJPI30M MArOTh 3HAYHO HWKY1 3HAYEHHS yIApHOi B’SI3KOCTI
MOPIBHSIHO 31 3pa3kamMu 0e3 HaJpi3y, IO BKa3ye Ha YyTIMBICTH A0 nedekTiB. Tak, 3a
BIZICYTHOCTI HaJIpi3Ky, KOBaHI 3pa3Ku JUIIIEe 1ePOopMyIOThCs, 0€3 BTpAaTH CBOET IITTICHOCTI,
a crieueH1 pyHHYIOThCs. JlaHe MoCiipKeHHS MIATBEP/HKYE 3HAYHUIN BIUIUB 3aJIUITKOBOT
MOPUCTOCTI Ha 3/IaTHICTh CIICYCHUX MaTepialliB, OTpUMaHKX 3a jonomororo I, unanTi
OITip yIapHOMY HaBaHTAXKEHHIO [45].

B tabmumi 1.8 npuBenmeHo 3HaveHHs ynmapHoOi B’s3kocTi MarepiamiB IJIIT ms

3pasKiB 3 Ha/Ipi3oM Ta 0e3 Hapizy o metoxy Hlapmi [2].
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Tabmuns 1.8 — 3HayeHHs ynapHoi B’si3kocTi 3a Mmetogom Illapmi mns

martepianis UIIT [6, 36, 45]

C Eneprisa ynapy,
Tun crutaBy Tun TecToBoro 3paska XIMIYHHUH CKJIAJ Thx/on?
Kopog3iifHocTiiiKi cTami
V-noniouuii Haapi3 16
17-4 PH : Fe-Cr-Ni-Cu-Nb-Si
be3 nanpizy 10 x10mm 70
V-noniOoHmii Ha/Ipi3 30
316L Fe-Cr-Ni-Mo-Mn
be3 nanpizy 10 x10mm 190
410 V-nioniOumi Haapi3 Fe-Cr-C 44
Hwusbkonerosani crami
MIM-2200 be3 nanpizy 10 x10mMm 135
Fe-Ni-Mo-<C
MIM-2700 V-nioniOHmi Haapi3 48
MIM-2700 be3 Hagpizy 10 x10mMm Fe-Ni-Mo-<C 175
MIM-4140 U-nioniOHmit Haapi3 17
MIM-4140 Fe-Cr-Mn-Mo-C
U-nioniOHmit Haapi3 10
(rapTyBaHHs)
MIM-4605 V-nioniOHmi Haapi3 14
MIM-4605 be3 naapizy 10 x10mm 70
Fe-Ni-Mo-C
MIM-4605 ‘
be3 mampizy 10 x10mm 55
(rapTyBaHHs)

Sk MoykHA TOMITUTH 3 TabuIll 1.8 iCHY€e BellMKa Pi3HUII MK yIaPHOIO B’ S3KICTIO
3paskiB 3 HaApi3oM Ta 0Oe3 Haapidy. Takok JaHWK TOKAa3HUK 3MEHIIYETHCS ITICISA
rapryBanHs. Ctalii 3 HM3BKUM BMICTOM BYTJICIIO MAalOTh MOPIBHSHO BHCOKY YIapHY
B’SI3KICTh, MPOTE HU3BbKY TBEPIICTD, III0 OOMEKYE X BUKOPHUCTAHHSI.

B tabmumi 1.9 mpomeMOHCTpOBaHO BIUTUB 3HUKEHHS PIBHS TOPUCTOCTI Y
noporrkoBiit cram Fe-Ni-Mo-Cr Ha i1 mexaHiuHi XxapaktepucTuk [14]. s otpumanHs
BHCOKOI IIUTHPHOCTI 3arOTOBKH OyJIM TOMBIMHO TPECOBAaHI Ta MOABIMHO CIEYEHI MPH
temneparypi 1120 °C 3 purpumkoro 30 xB. O4eBHIHO, IO 3HMKEHHS PIBHS TTOPUCTOCTI
Bim 5% 1o 0 mpHU3BOAWTH 1O MIJBHUINCHHS BCiX MEXaHIYHMX IMOKAa3HUKIB MaTepiany,
30KpeMa BapTo BII3HAYMTH 3HAYHE 3pOCTaHHS KoedirfieHTa TpinuHocTiiikocTi Ha 40% Ta

yaapHoi B’si3kocTi Ha 300%.
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Tabnuus 1.9 — MexaH14HI XapaKTEepUCTHKH MOJIBINHO MPECOBAHOI Ta CIIEYEHOT

ctaimi Fe-1.8Ni-0.5Mo-0.5C [14]

= E: g £ = = : ¢

& = o w O S 0w s Ba o s
E| i |9=| S22 | B3| i: |id3 i
3 2 = g ES Z5 T 2 B8R &g
= = = 2 5 8 o A\ A= o= =
=y é = —~ & ~ % m < " 9] S

= R= = 5 R= X m g

= = p= = = = =

0 7,9 190 590 800 19 12 65

5 7.4 180 425 610 5 4 38
10 7,1 145 370 460 3 4 28
16 6,6 110 280 350 2 3 19

VY Tabmumi 1.10 3Bexeni MimHOCTI Ha po3Tsar matepianiB Catamold®. Bupobu,
OTpMMaHI 3 JAHOro Marepiajlly, MalTh BUCOKY MIIHICTh Ha PO3TAr MOPIBHSHO 3

marepiajlaMi, OTPUMAaHUMU TEXHOJIOT1SIMH MTOPOIIIKOBOTO IIpecyBaHHs [2, 36].

Tabmumg 1.10 — MirHICTE Ha po3TAT BUPOOIB, OTPUMAHUX 3 MaTepiaiiB

Catamold® [2, 36]

Catamold® 4605 FN0205 4340
[Ticns ciikaHHsA 600 MIla 380 MIla 700 MIla
[Ticnst repMo0oOpoOKHM 1300 MIla 800 MIla 1450 MIla

Janwmii pe3yabpTat nokaszye, mo matepian IJIIT MoxXyTh MaTH BUCOKY MIITHICTh Ha
PO3TAT, SIKa TIBUIIY€THCS OUTBII HIXK B 2 pa3H MICIIs TEPMIYHOT 0OpOOKH.
3pasku 3 matepiary MIM-4340 maroTh BUCOKY SKICTh TIOBEPXHI MICIIS CITIKAHHSA, 3
MIHIMaJILHUMH TIOpaMH Ha TTIOBEPXHI Ta BCEPE/IMHI, X04a 3arajbHa MOPHUCTICTh CTAHOBUTH
4%. 3 nmiTepaTypHHX JKepel A1 koBaHoi cram SAE4340, sromua MitHicTs Ha 3rud (10°
IIUKJIIB) TCIIS TepMOOOPOOKH ckiaaae 6au3bpko 660 MIla. g cieuenux craneit MIM-
4340 rpanutis BToMHOI MirtHOCTI ckiaana 500 MITa [11].
Ha ynmapHy B'S3KiCTh CHJIBHO BIUTMBAIOTH HE JIMINE MIUTBHICTH CIIEYEHOTO

Martepiaiy, ajie i oro Temneparypa Ta TpUBaiicTh crikanus (puc. 1.5) [25].
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Pucynok 1.5 — Y aapna B’s13kicTh (0€3 Ha/ipi3y) JUIsl YUCTOTO CIICYSHOTO 3a1i3a sK

(dyHKIIIA BiJ] IUTBHOCTI Ta Yacy CriKaHHA [25]

1.5 BluiuB TexHOJIOTIYHMX mapaMeTpiB mnpouecy Ha Bjaactuocti IJIII
Marepiaiis

1.5.1 Inxexuiiine JIUTTS MOPOIIKOBUX CyMilei

SKicHUI BUJIMBOK TIOBUHEH MAaTH OJTHOPITHUIN PO3IOILI IMTOPOIIIKY Y 3B'S3yBaJIbHIN
PEUOBHHI, @ HOro MOBEPXHS MOBUHHA OyTH BHCOKOI SKOCTI 0e3 faedekTiB [36]. BaxkimnBo
VHHUKATH YTBOPEHHS JIIHIMHUX 3'€JHAHD MOTOKIB MaTepiairy abo po3TalioByBaTH ixX Ha
HEUyTIUBUX IUITHKAX aetani. OJHaK Ha MPaKTHIIl mporiec (JOpMyBaHHS MOTOKY CyMIIII
Ii/1 9ac 3armoBHEHHS ()OPMH BU3HAYAETHCS CKIIATHOIO B3a€MOJIIEIO KUTHKOX IMapaMeTpiB,
cepen SIKUX: THUCK, TeMIepaTypa mpec-popMH Ta IHJIIHAPA, MIBUIAKICTh BIOPCKYBAHHS
Torio [36].

Bucoka mBHIKICTh TOTOKY PO3IUIABIICHUX TPaHYJI, @ TAKOXK Pi3Ka 3MiHA TPAEKTOPIi
iX pyXy MOXyTh MPHU3BECTH JIO CETperarlii MmopomKy i B’spkydoi pedoBuHH. Lle moxke

MIPU3BECTH JI0 TPai€eHTa HIUIBHOCTI Ta HEOJHOPIIHOI YCaJKU AeTaJlel i/l yac CHiKaHHS.
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Taxi Tunm AePEeKTiB MOXKYTh 3 SBJISITUCH B MICIISIX, SIKI IMIIJaBAIMCHh 3HAUHOMY 3CYBY, 31
IIBUJIKICTIO BUIIOKO 32 KPUTUYHY.

Posnan momimMepy y 3B’s311 MOXKe OyTH NPUYMHOK 3HUKHEHHS MPOLIAPKY
IUIACTU(IKATOPY MIDK YaCTUHKaMU TMOPOIIKY, W0 TMPHU3BOIUTH 1O YTBOPEHHS
KOHIJIOMEPATIB, K1 MICJIs CHIKaHHA € IPUYUHOI0 YTBOPEHHS JOKaJIbHO-HEOAHOP1IHOTO
yiuibHeHHS. [Ipy HU3bKIM IIBUAKOCTI MOTOKY CyMilli, OMU3bKIA 10 HyJA, MOXe
BUKIIUKATH €(PEKT «3aBUCAHHS TOTOKY». PosruiaBnenuit ¢iacTok HIOM 3acTurae, 1o
HEraTUBHO BIUTMBA€ HAa CTPYKTYPHY LUTICHICTh BUJIMBKA. Y MPOAYKTI 1HXKEKLIAHOTO
JUTTS MOXYTh HaBITh BUHHUKATH 3aJHUIIKOBI HAMpy>KCHHS, BHACIIJOK TPaJi€HTIB
TeMIIepaTyp Ta He BipHO MiiOpaHOro BUCOKOIO THCKY BIIOPCKYBAHHSI, 1110 BUSBIISIFOTHCS

Ha HACTYITHUX eTarax BUAAJICHHs 3B'SI3KU, CIIPUUMHSIOYM TPIILMHY Ta nedopmarii [31].

1.5.2 BupasneHnHsi 3B’si3yBaJIbHOI pe4OBHHM (Ie0aiiIuHT)

Cuposuna aist U1 mpencrapisie co6oro cymil 3B°s13Ku (TIOTIMEPY ) Ta METAIEBOTO
MOPOIIKY, 110 POOUTH CyMIIl TPUIATHOIO JJSl JIUTTA HA I1HXKEKLIAHUX MAaIIUHaX.
HeoOximHOIO yMOBOIO UIS MOMIMEPY € JIETKICTh HOro BHAAJICHHS Oe3 pyHHyBaHHS
reoMeTpii aeTalti.

Sk mpaBuII0, 3B’ A3yBajibHAa PEUOBUHA CKIIAJIAETHCS 3 IBOX OCHOBHUX KOMIIOHEHTIB.
[lepmmii KOMITIOHEHT MTOBHUHEH JIETKO BHIAISATHCH 3 JIETaNl IPU HU3bKIA TeMIIEpaTypi, e
CTBOPIOE BIAKPUTY TIOPUCTY CHUCTEMY I BUIAJICHHS IHIIOTO KOMIOHEHTa. [[pyra
CKJIaJI0BA 3B’ SI3KH, CKPIIUTIOE YACTUHKH TIOPOIIKY MixK COO0I0 JI0 TOTO, IIOKU TEMIIepaTypa
Oyle JIOCTaTHbO BHCOKOIO /ISl TIOYAaTKy YTBOpEHHS AU(dy31HHUX 3B S3KIB MIiX
MeTaneBUMH YacTiHKamu [31]. Takum 4rHOM, MONIMEPHI 3B’ S3KU APYTroro KOMIIOHEHTA
MOCTYTIOBO 3MIHIOIOThCS HAa METAJIEBl, a TOJIMEP BHIAISETHCS 3 AETall TEPMIYHUM
IUITXOM. [HITTi KOMITOHEHTH JOJA0OTHCS 10 3B’ SI3KHU JIJIsl 3MOUYBaHHS TTOBEPXHI IMTOPOIIIKY,
a TaKO>X CTBOPEHHS 3B 3Ky MK JJBOMa KoMTIoHeHTaMu [31].

JIBa OCHOBHUX KOMIIOHEHTA MOTPEOYIOTH /IBI OKpPEMi OTieparlii BUaICHHs 3B’ SI3KU
(meGaituHT). Ix, 3a3BWuail, HA3UBAIOTH NICPBUHHUKM Ta BTOpUHHUH neOaiauHr. Bci

KOMITIOHEHTH 3B’SI3KM TMOBUHHI OyTHM BHUJAJIEHI Ha MOYATKy HarpiBy. TemmepaTypa
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CriKaHHsl HabaraTo BUIIA, HIXK TEMIIEpATypa TEPMIYHOTO PO3KIagaHHs nojimepy. Tomy,
OyAb-sIKl 3JIMLIKU TOJIIMEPY, SKI MPUCYTHI y MaTepiail MiJl 4yac HarpiBy J0 BHCOKHUX
TeMIepaTyp, MOKYTb IPUBECTH 10 BHYTPIIIHBOTO TUCKY Ta pyiHyBaHHs aetani [31].

Opniero 13 HaunomupeHimux roropux cymimeit aus I € cuctema Catamold,
BupoOHuK komnaHiss BASF, Himeuyunna. Jlana cucreMa 3B’SI3KHM CKIIAJAETHCS 3 ABOX
OCHOBHUX KOMMOHEHTIB: (a) mnomiokcumetwieH (POM), Takox BigomMuil sk
noJarneTans 1 nomidopmanpaeria, a Takox (0) momietuwien (CoHy),. Tlomiamerans,
sk mae popmyiy (-Hp-C-C-),, poskinanaerbes Ha popmanbieria (Ho-C=0) y mapax
HiTpaTHoi kuciotu (HNO3) y nianazoni temneparyp Big 100°C no 140°C ta 3anuiiae
3a coboro nomietwieH. KaragiTuuHe po3mieruieHHs MoiaidopManbaerily ITpOXoauTh
HIDKYE TEMIEpaTypu TUIABJICHHsS, TOMY 3B’sI3Ka  3aJIMINAETBCS  YKOPCTKOIO,
3a0e3neuyroun cTabuIbHICTE reomeTpii dopmu. [lepmmii mareHT Ha BHUIAJICHHS
3B’SI3KM (TOialeTanto) y napax Kuciaor OyB BumgaHuit y 1991 pomi USNe5043121
“Process for removing polyacetal binder from molded ceramic green bodies with acid
gases”’[32].

B TtaGaumi 1.11 HaBegeHO OCHOBHI (Pi3MYHI XapaKTEPUCTHKHA KOMITOHEHTIB

3B’ s13ku Catamold, BASF Ta ix opi€eHTOBHA IPOIIEHTA KIJIBKICTh y 3B’s13111 [32].

Ta6murs 1.11 — ®i3uyHI XapakTepUCTUKKA KOMITOHEHTIB 3B s13ku Catamold [32, 33]

‘ . Bi
Hasga AGpeBi nglgblH 11;:?: TeMnepaTyIC)Ja MonekynsipHa m;f;iizay
KOMITOHEHTY aTypa 3 miaBiieHHs, °C Bara, r/MoJib s
r/'cM 3B 13111, %
) Bizx 50000 o
IlonieTunen PE 0,918 108 10 250000 15%
) Bix 10240 o
Ilomanerans POM 1,41 166 10 129300 85%

JIyist KaTamiTHYHOTO AeOaIMHTY HAWJacTilie BUKOPUCTOBYETHCS YUCTA a30THA
kucnota (HNO3, 100%). He3Baxkatouun Ha 11 BUCOKY OKHCIIOBAIBHY aKTHBHICTh, TAPU
KHCIIOTH HE pearyroTh 3 OUTBIIICTIO MOMIMPEeHNX mopoiikiB, Takux sk Fe, Ni, Cr, Mo,

Si, Ti, WC, ALLO3, ZrO,, S13N4 Ta 1H. [34].
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B Texnomnorii UIII, medopmariis neraneil BBa)Ka€ThbCsl OMHIEID 3 KIHOUYOBHX
npobiieM, sika Ma€ CyTTEBUI BIUTUB Ha KiHIIEBI XapaKTEPUCTUKU OTPUMAHHUX CTIEYECHUX
BUpoOiB. B pe3ynbraTi NpoBENEHUX JOCHIPKEHb BCTAHOBJIEHO, LIO OCHOBHOIO
MpPUYKHOIO AedopMallii Ml yac TEPMIYHOTO BUAAJIICHHS 3B S3KU € B'sI3Ka MOB3Yy4ICTh
Mmarepiany [31]. V iHmomMy gocnimxeHHi [34] Bka3aHO, 0 YaCTUHKHU MOPOILIKY, SIKI
MarTh chepuuny Gopmy, MpOSBIAIOTH 3HAYHO MEHIIMH omip Aedopmarlii mia yac
CHiKaHHS MOPIBHIHO 3 YaCTUHKAMU HETpaBUIbHOI popmu. Kpim Toro, BUSBICHO, 10
omip Aedopmallii 301IbIIYETHCS MPU 3MEHILIEHHI CEPEAHBOr0 PO3MIPY MOPOLIKY. [Hie
nochipkeHHs [35] miakpeciioe, 0 HepiBHOMIPHA ycaJka 3pa3KiB MOXE HapoCTaTu
BHACJIZIOK HEpPIBHOMIPHOCTI IIUIBHOCTI Marepialy dYepe3 JIOKaJbHUW TpPajl€HT

TEMIIEpaTyp Ta BIUIMB CHJI FPaBiTaIlii.

1.5.3 Cnikannga

Cmikannast marepiamiB IJIIT mae cBoi ocobmuBocti. st oTpuMaHHS CKJIQTHOL
reoMeTpUIHOT (GOopMH JeTaiel, BHKOPHCTOBYETHCS CYMIIl TOPOIIKY 3 BEJIHKOIO
KUTBKICTIO TTosiMepy (01u3bK0 60% 1o 00’ eMy), 110 MPU3BOIUTH 10 3HAYHOI YCAIKH M1l
yac criikans (Big 16 10 22%). Takosk, Ha BIAMIHY BiJ] KITACUYHO1T TOPOIIIKOBOI METATypril
s I, sk mpaBuiio, BUKOPUCTOBYIOTHCS HabaraTo ApiOHimm mopomiky ( Bix 1 go 10
MKM), IIT0 3HAYHO 30UIBIITYE CyMapHy ITOBEPXHEBY €HEPIit0 Ta IHTEHCU(IKYE CITIKAaHHS Ha
noyaTkoBoMmy etari. [Ipore, 1ie TakoX 301IbIIYE CXUIBHICTH JO OKHCICHHS, TOMY
aTMocdepa CriKaHHS BiAIrpae BXIUBY poJib Mij yac crikanHsa marepiatis T [36].

Cepenl TEXHOJIOTIYHHUX TTApAMETPIB MPOIIECY CIIKAHHS, SKI 3HAYHO BIUTMBAIOTH HA
BJIACTUBOCTI BUPOOIB MO’KHA BUILITUTH HACTYTIHI:

— TeMIlepaTypa CIiKaHHS;

— TIBHIKICTH HArPIBY;

— BUTPUMKA 32 MAKCHUMAJILHOI TEMITEPATypH;

— arMocdepa CriKaHHS.

B pobGoti [27] mochimKyBaim BIDIMB 3aXMCHHX Ta3iB ITiJ] Yac CIIKaHHSI Ha

BIacTUBOCTI Kopo3iiiHocTiiikoi [JIIT ctani 17-4PH. [lopomiok npeacTasiisie COO0I0 CyMilll
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JIETYIOUMX €JIEMEHTIB Ta MOPOIIKY KapOOHLIbHOro 3aiiza. CUpOBHHA BUTOTOBJIEHA HA
¢ipmi BASF, Himeuunna. 3pa3ku cnikanuch y poOoYux raszax: a3oT, BOJEHb a TAKOX Y
BakyyMmi. Y X011 TOCII>KeHHs OyJI0 BCTAHOBIICHO, 1110 3pa3Ku MaTepiaily, siKi CIKaJIuCh
TIPY MapLiaabHOMY THCKY a30Ty MalOTh HAHMEHIIy HILTBHICTS (7,29 r/cm?).

Ha pucynky 1.10 mpencraBieHa ¢Qpakrorpadis 31aMmy 3pa3KiB  marepiary
CHEUYEHHX y a30Ti. ATMOoc(epa a30Ty pearye 3 JIEryIOUMMH KOMIIOHEHTaMu, (hOpMyroun
HITpUAM XpoMy. Y CBOIO Yepry, HITPHUJ XpOMY BUCTyHae y poiii audysiiiHoro 0ap’epy,
SKAN 3aTpUMYye€ TIPOIECH CITIKaHHS Ta YHIUTbHEHHs. Sk 6aunMmo Ha pucyHKY 1.6 3pa3ku
CIIEYEHOT0 MaTepialy MarTh 3HAUYHUI BMICT CTOPOHHIX BKJIIOYCHHb 30KpeMa OKCHIIIB
KPEMHIIO Ta XpoMy. Taki BKIIFOUEHHS 3/1aTH1 3HWKYBAaTH MEXaH14H1 BIACTUBOCTI, 30KpeMa
IUIACTUYHICTh Matepiany. Jins 1HIMX 3pa3kiB, sKI CHIKAIWCh y BOAHI Ta BaKyyMi,
IJIBHICTE 3pa3KiB cKkiana Omasbko 7,66 r/cm® ta 7,62 r/cm® Bimnosigno. Halikpanni
MexaHi4H1 BractuBocTi i marepiany IJIIT 17-4PH Oynu otpumani i 4ac CrikaHHs y

BOJIHI.

Pucynox 1.6 — ®pakrorpadis 3namy 3pas3kiB matepiany [JII1 17-4PH, cneuennx y

aTMocdepi a30Ty (@) Ta XIMIYHHAX aHAJI3 CTOPOHHIX BKIIFOUEHb Ha TIOBEPXHi 31amy (6) [27]
1.6 BucnHoBkm 110 po3ainy 1
[loeqHaHHS 1HXEKIIHHOTO JHUTTS MOJIIMEPIB Ta CIIKAHHS METAJIEBUX TOPOIIIKIB

BIZTKpMBA€ HOB1 MOXKJIMBOCTI JJIT OTPUMAaHHS TOYHHUX JIeTael CKIAIHOI T€OMETPHUHOT

dbopmu y Benmkiid KitbkocTi.  Taki mexaHiuHi BrnactuBocTi ctaneit IJIIT sk rpannyHa
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MIIHICTb Ha PO3pHB, MOy b FOHra Ta TBEpAiCTh MOXKHA MPUPIBHSITH 10 KOBAHUX CTaJIeH
(B1IMOBITHOTO XIMIYHOI'O CKJIa/1y ), MPOTE AUHAMIYHI XapaKTEPUCTUKH (yAapHa B’ SI3KICTb,
BITHOCHE BUJIOBKECHHS, BTOMHA MIIIHICTh) 3HAYHO IMOCTYMAOTHCS BIAMOBITHUM KOBAaHUM
Mmatepiasiam. s creyenux wmarepianis I cimig BUAUIMTH HACTYNHI YMHHUKH, SIKI
HETaTHBHO BIUTMBAIOTH HA BUIIE BKa3aHI MapaMeTpu:

—  3QJIMIIKOBA MOPUCTICTH (BEJIMYMHA 3AJTUIIIKOBOI TTOPUCTOCTI, (popma Ta po3mip
nop);

—  okuciu (0cOONMBO, y BUTIAJIKY JIETYBaHHS TaKuMH eneMeHTamu sk Cr, Mn, Si);

—  HEOJHOPIJHICTH XIMIYHOTO Ta (Pa3oBOro Cckiuagy, po3MOAUT JIETYHOUUX
CJICMCHTIB;

—  3aJMILIKOBI HAMpPYXEHHA TICIS CIIKaHHS Ta TepMOOOpOOKH (MIKpo- Ta
MaKpOHAanpy>KeHHs);

—  MIKPOCTPYKTypa (po3Mip, CTaH IPaHUIlb 3€PEH).

Tomy meTor0 poOoTH € miABUIIEHHA (I3UKO-MEXaHIYHUX BJIACTUBOCTEH JeTaleit
CKJIaJTHO1 (POpPMHU, 1110 BUTOTOBIISIIOTHCS 32 TexHouoriero 1JII1 13 Hu3pKkoieroBaHux crajei
IIJISTXOM BCTAHOBJICHHS BIUIMBY XIMIYHOTO CKJIQAy BUXIIHUX MOPOIIKIB, TEXHOIOTTYHUX
napaMeTpiB mpoiieciB GOpMyBaHHs, BUAAJICHHS 3B’ SI3KH , CITIKAHHS Ta TEPMOOOPOOKH Ha
CTPYKTYPHO-TEOMETPHUYHI XapaKTEPUCTUKU (PO3MIp 3€pHA, IMOPUCTICTH), MIIHICTB,
IUTACTUYHICTh, TBEPJIICTD , yIapHY B’SA3KICTh MaTepialy BUPOOY.

[TocranoBKa 3a1a4i JOCITIHKEHHS:

1. BusHaunT BIUIMB XIMIYHMX Ta (PI3UYHMX BJIACTUBOCTEH TOPOIIKIB
Catamold8740 Tta PolyPOMS8740 Ha mpomecu ymiIbHEHHS Ta (OpMyBaHHS
MIKPOCTPYKTYpH Ta ()a30BOT0 CKJIQy MOPOIIKOBOTO MaTepiaiy mia 4ac (opMyBaHHS Ta
CHIKaHHSA B yMOBaX IMIPOMHCIIOBOTO BUPOOHUIITBA Ta HA BUPOOHUUOMY OOJIaJHAHHI.

2. BcraHoBUTH BIUIMB TapaMeTpiB MPOIECIB JIUTTS, BUAAJICHHS 3B’SI3KH Ta
CHIKaHHS Ha BEJIMYMHY 3aJIMIITKOBOT TOPUCTOCTI, PO3MIp TOP, PO3MIp 3€pHA Ta BU3HAUUTH

MOJKJIMBI TIUISIXW ITJIBHINEHHS IMUJILHOCTI Ta MEXaHIYHMX BJIACTUBOCTEH Marepiary

BUPOOiB 13 mopomikiB Catamold8740 ta PolyPOMS&740.
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3. BcraHoBUTH B3a€MO3B’SI30K MK TEXHOJOTIYHMMH IMapaMeTpaMH MpPOIECIB
BUTOTOBJIEHHA 1 HACTYITHOI TEPMOOOPOOKM Ta MEXAHIYHUMHM BIACTUBOCTSIMU CHEUYEHUX
HU3bKoseroBanux crayieu [JII1.

4. BuzHauutu BIUMB ()a30BOr0 CKIJIAAY, YMCTOTU TPAHULb 3€PEH, 3AIMIIKOBOI
MOPUCTOCTI Ta (POPMH 1 PO3MIPY MOp, HAMPYKEHO-IeHOPMOBAHOIO CTaHy CIIEYEHOrO
MaTtepiaiy 13 cyMimi nopomkiB Catamold8740 ta PolyPOMS8740 na ynapHy B s3KICTb Ta
HA/IaTH PEKOMEH/IAIIIT 1110/10 BAOCKOHAIICHHS TEXHOJIOT1i BUTOTOBJICHHS BiJIMOBIIAIEHUX

BaXKO HABAHTAXXCHHUX I[eTaJ'Ieﬁ 3 Hi):[BI/IH_[eHI/IMI/I MEXaHIYHHUMH BJIACTUBOCTSIMHU.



47

2 METOJJUKA EKCHEPUMEHTAJIBHUX JOCJILIKEHb OO0
BIIITPAIIIOBAHHS TEXHOJIOI'TI BAPOBHUIITBA JETAJIEN CKJIAJTHOI
@®OPMM 13 IOPOUIKIB Catamold8740 TA PolyPOMS8740

2.1 XimMiuHmMii CKJIa]] BUXIIHUX MOPOLIKIB BKA3aHUX BUPOOHUKOM

OCKUIbKM BJIACTMBOCTI MOPOLIKIB MEPEBAXKHO BIUIMBAIOTH HAa LIBUIKICTH 1
NOBHOTY TMPOLECIB YHIUIBHEHHS MiJ 4Yac (pOpPMyBaHHSA Ta CIIKaHHS, TEXHOJOTIYHI
napaMeTpu LUX MPOLECIB, a TaK K B 3B 3Ky 3 TUM, IO MOCTa4YaJbHUKH TMOPOILIKIB
3aBXK/JIM BKa3ylOTh BJIACTHUBOCTI MOPOIIKIB B IEBHOMY Jlana3oHi, MiJ yac 30epiraHus
MNOPOIIKK MOYTh 3MIHIOBATH CBOi BJIACTMBOCTI, TO BaXJIMBO [JIsi BCTAHOBJICHHS
NPUYUH HU3bKUX MEXaHIYHUX BIACTUBOCTEH MaTepiaiy CliedeHUX BUPOOIB CKIIAIHOT
dbopMH  BHU3HAUMTH pealbHI CTPYKTYPHO-T€OMETPUYHI  XapaKTePUCTUKU  Ta
HEOHOPIIHICTh XIMIYHOTO CKJIa/Ty BUXIJIHUX IMOPOIIIKIiB.

VY gKOCTI BHUXIJIHUX MatepiajiB BuUKopucTaHo ¢iactok crami AISI8740:
Catamold 8740, BupoOHunreo ¢ipmu BASF, Himeuunna; PolyPOM&8740
BupooOHHIITBa PpipMu PolyMIM, Himeuyunna.

Ta6mug 2.1 — Ximiuauii ckiag marepianiB Catamold8740 ta
PolyPOMS8740 [46]

XiMiuyHUH CKJIa] 000X MaTepiaiiB MpeACTaBIeHU y Tabmui 2.1.

Marepian C, Cr, Mo, Ni, Mn, Si, Fe,
mac. % | wmac.,% Mac.% Mmac. % mac.% | mac. % mac. %
Catamold8740 | 0.45- 0.40- 0.25-0.40 | 0.50-0.80 <0.1 0.3- 3anIok
0.55 0.60 0.55
PolyPOMS&740 | 0.45- 0.40- 0.25-0.40 | 0.50-0.80 <0.1 0.3- 3anumiok
0.55 0.60 0.55
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2.2 InkekniiHe JUTTH

BuroToBieHHs ~ mpoOHMX ~ 3pa3KiB  OPOBEAEHO  Ha  1HXXEKUIMHOMY
tepmoriactaromati Power 250/50 BupoOnuurBa komnanii Engel, ABsctpis,
BUKOPUCTOBYIOYM MOAM(DIKOBAHUH 1HXKEKIIHHUN UITIHIP 17151 00poOku cymimeid [JITI
JiaMeTpoM 25 MM.

B dxocTi TecTOBMX BMJIMBKIB BHUKOPHUCTOBYBAJIUCH JeTali y (opmi
napajenenineqiz 3 posmipamu: 66,7x12x6  (Mm). Ha pucynky 2.1 nokazaHo
30BHIILIHINA BUTJIS BUIMBKH, KA CKIAAA€ThCS 3 [IEHTPAJIBHOTO JIMBHUKA Ta PO3BITHUX

KaHaJIIB.

Pucynok 2.1 — TecToBi BIIJTUBKH 3 PO3BITHUMH JIMBHUKOBUMHU KaHaJIaMU

Miclie BHOPCKYBaHHS 3HAXOUTHCS HA TOPIIl BUJIMBKH, 110 J03BOJISIE YHUKHYTH
BIUIMBY JOJIATKOBUX KOHIICHTPATOPIB HAIPYTH IIiJl Yac BUMIPIOBAHHS MEXaHIYHHX
XapaKTePUCTUK.

[lapameTpu mporecy BHUTOTOBICHHS TECTOBUX 3pa3KiB Oyiau HACTYIIHI:
TeMIiepatypa imxekiiinoro mmwiinapy — 160-190 °C; temmneparypa npec-hopmMu —
130 °C; Tuck BHIOpPCKYyBaHHS Ta THUCK mimkuBieHHs - 900 Oap; MIBUIKICTDH
BIIOPCKYBaHHS — 15 cM’/c; 4ac BUTPHMKHU IS TJDKUBICHHS OyB 5 CeKyHI; dac
BHJIUICHHHA U1l oxoyiojpkeHHs — 10 cexyHm; a THCK mpotumaii ctaHoBuB 100 Gap.

(mapameTtpu HagaHi y crienudikaiiii BApOOHUKA 1 € CTAHAAPTHUMHA).
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2.3 Bunasienns 3B’ 13ku

[Iporec kaTamiTUYHOTO BUAAJICHHS 3B'S3KU OyB MPOBEJIECHHUI 3a JOMOMOIOIO
oonaguanug Bix kommanii ELNIK, CIIA - mia CD3045. [11g mo4aTKoBOro BUIAICHHS
mactudikaropa (moJiamneTairo) BUKOPUCTOBYBaIM mapu a3oTHOi kuciotu (HNOs
>98%) 3a remneparypu 115 °C, 3rigHo pekoMmeHaalii BupoObHuka Marepiainy. [Ipouec
BBA)KAE€THCS 3aBEPIICHNUM, SIKIIIO BTpaTa Baru AeTaneld cTaHoBUThH He MeHe 10,5%.

[lapameTpn TmpolleCy KaTaXiTHYHOTO BHJAICHHA 3B’S3KHM  BKIIOYAIOTh:
TEMIepaTypa KamepH, sika Oysia BctaHoBieHa Ha piBHI 115 °C; yac BUTpUMKHU mepe]
MOYaTKOM TIOJadi KHUCIOTH — | TOAWHA;, TpUBAIiCTh nebaiinuury — 15 roauw;
MIBUAKICTb TI0J1a41 KUCTIOTH y Kamepy — 2,4 MII/XB; IIBUIKICTH MoAadi a3oty — 50 J1/XB;
Ta WIBUIKICTh OOepTaHHs BeHTUJsTopa kamepu — 1700 06/xB (mapamerpu HagaHi y
cniepurrikaiii BUpoOHUKA 1 € CTAHAAPTHUMHU ).

Ha pucynky 2.2 moka3aHa cxemMa TIPOBEACHHS TMPOIECYy BHUAAJICHHS
3B'SI3yBalIbHOT peyoBUHU (nebaiiauHr). BupoOu po3ramoByrOThCS B Tedi Ha
criemianbHuX TactuHax. [1{o6 3abe3meuntu e(eKTHBHE MepeMilllyBaHHS T'a30BOi
CyMIiIIIi, TIY OCHAIIleHa BEHTWJIATOPOM. HeBelMKy KiJIbKICTh KaTaiizatopa J03yEThCS 1
MOJIA€ThCS B MY 3a JOTMOMOIOI0 HAcoca, IICHsl YOro KaTajli3aTop BUIAPOBYETHCSA B
KepaMivHili a0 MeTajeBii Jami. A30T BUKOPUCTOBYETHCS, SIK TPAHCIIOPTHUH Ta3 IS
BUJIAJICHHS TPOJYKTIB po3kiamanHsa. s maGoparopHoi meui ob'emom 50 miTpiB

noTpioHO puOHM3HO 40 r HA roAuHY a30THOI KUucIoTH Ta SO0 JITPIB HA TOJUHY a30TY.

Kamepa szopanHa Buxaonux 2030

Hacoc dng a3omkHol
kucrom (FNG,/ nobimps

—— nabimps

y/ \ —— nponad
il ]

Fenew” aqzomobiu

[ Bevmuamep

—— Azom (W

Pucynok 2.2 — CxeMa BUIQJICHHS 3B’ SI3KHU B 1€Y1 KaTATITHIHOTO AcOalIuHTY
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2.4 Cnikanng

[Iponienypa cnikanHss Oyja BHKOHAaHA 3a JOMOMOTOI TOPU3OHTAIBHOL
BakyyMHO1 nieui MIM3045 Bupoonuntea komnanii ELNIK, CIIA. Ha pucynky 2.3

300paXeHO PEeKUM CIiKaHHs feranei, orpumanux [JIT1.

l

temneparypa cnikanus (1250°C - 1350°C)

BUTPHMKA /151 BHPIBHIOBAHHS
Temnepatypu y kamepi (900°C - 1150°C)

Temneparypa, “C

[IenaxicTe HarpiBy Kpusa
(5 °C/xB)
R

OXONOKEHHA

sugancuss 38'a3xu (600 °C)

IlIBuakicTe HArpiBY

(2-5°C/xn)

0 Yac, xB.

Pucynok 2.3 — TunoBwuii rpadik crikanus geraneit [JIIT

Y cydacHHX medyax, BUKOpHCTOBYBaHHMX s TexHousorii IJIIT, mpoBomuThcs
TepMiuHe BUAATICHHS 3B's13Kku 1Tpu TeMriepatypi 600 °C, sxe KoMOIHYETHCS 3 OIIepaIli€ro

CIIKaHHS, 110 €KOHOMHUTH Yac 1 pecypcH.

2.5 TepmooOpoOKka

TepMooOpoOka  geraneit  3MIMCHIOETBCS  JIJI  TIOKPAIICHHS  MEXaHIYHHX
BJIACTUBOCTEH BHPOOIB (TBEPIICTH, MIIHICTh, 3HOCOCTINMKICTB). Harpis mix aycTeHizaiiito
BinOyBaBcs B comnsiHii BanHI (NaCl 75%; KCI 25%), Temneparypa HarpiBy 850°C, yac
BUTPUMKH 2-7XB. (B 3aJIS)KHOCTI Bij] TOBIIMHY JeTaii). OxonomxenHs y cemitpi (NaNOs;
NaNO2;KNOs), Ttemriepatypa OXOJOKEHHS Ui ApiOHMX gertamerd 170°C, ns
kpynHorabaputaux aeranein 280°C-320°C. Omneparrist BiAMyCKy MpOBEICHA Y KaMEpHIi

redi 3 BUTPUMKOIO 60XB.



2.6 I3ocTaT4yHe nMpecyBaHHA

[IpecyBanHs TecTOBUX JeTalield 3/1MCHEHO MICJsl MOMEPEHbOrO CITIKAHHS Ha
razoctati QIH-15 (AVURE, IlIBemis). B Ttabmumi 2.4 BKazaHO TEXHOJIOTIYHI

napaMeTpH, 3TiJIHO IKUX OyJI0 MPOBECHO Onepallii MonepeHhOro CIiKaHHS 3pa3KiB 3

HAaCTYIIHUM Trapss4nuM 130CTATUYHHUM IMpECyBaHHAM.

Tabnuus 2.4 — TexHonoriyxi napameTpu npotecis crikanus ta [T

Ne [TapameTp CriikaHHs ['II
1 Temneparypa, °C 1340 1050
2 | llIBuakicts HarpiBy, °C/XB. 2 1
3 [NapuianbHUNA THCK, aTM. 0.394 1000
4 Yac BUTPUMKH, XB. 30 150
5 Atmocdepa y kamepi a3oT aproH

VY sikocTi pob60OYOTO Tijla I Mepeiadl TUCKY y ra30CcTaTi BHKOPHUCTOBYETHCS ra3

aprot (99,998%) y 3B’s3Ky 3 TUM, 1110 JaHUH ra3 He 37aTeH 10 Audy3ii y MeTanax.

2.7 BumiproBaHHS IILILHOCTI

3 MipKyBaHb TOTO, 1110 Y cTanei JII1 3anumikoBa nmopucticts He nepeBuiye 5%,
mopu B3aeMHO He ToB's3aHi. [I{iTbHICTh TaKUX MaTepialliB MOYKHA BUMIPSITH 3T1HO 31
craggaprom ISO 3369. 3a3nHauennii meTon 0a3yeThbCs HA BUMIPIOBAHHI IIUIBHOCTI

MaTepiaiiB IUIIXOM PO3paxyHKy Ha OCHOBI BUMIPIOBaHb Bard JIeTajel y MOBITPi Ta y

IUCTHIILOBAHIA BOJI.
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2.8 BumiproBaHHs1 y1apHOI B’A3KOCTi

Cranmapt ASTM Standard E23 (tun A) [37], mupoko BiIOMUM Y TOBIIKOBIN
JiTepaTypl Ui KOBaHUX CTaliel, mnependayae BUKOPUCTAHHS TECTOBUX 3Pa3KiB
po3mipom 10x10x55 mm 13 V-nopibHuM HaapizoMm, rHOUHOIO 2 MM Ta KyToMm 45°.
[Hopucricts marepianiB IJII1 cranoButs 2-5%, 1110 Moke OyTH NOPIBHAHE 3 KOBAHUMHU
cransimu 13 100% mrineHICcTIO. JlOCHiKEHHST TOKa3yroTh, 1mo craHaapt ASTM 3
HaJpizoM 3a0e3mnedye Oulblll CTabUIbHI pe3yJbTaTh 3 KOE(IIIEHTOM PO301KHOCTI
+11% [6]. Takum unnom, Bukopuctanast ASTM Standard E23 € oGrpyHTOoBaHuM 1151
cranei 1JII1. KoHuentpatop Hampyr BUKOHAaHMA METOJOM (pe3epyBaHHS 3TiTHO 3

pUCYHKOM 2.4.

il
J 555 5 | - _Oaos
1 1
N =
ROZ5 S|«
5z

Pucynok 2.4 — Ilpukiaa TecTOBUX 3pa3KiB I BUSHAYCHHS yAapHOI B’ SI3KOCT1

Jlns omiHKK yaapHOi B'SI3KOCTI 3a MetojaoMm Illapmi BUKOpPHCTOBYBajach
MasTHHUKOBa Kormpa, sika BimmoBimae Bumoram JICTY 3669-97. IIBuakicte pyxy
MasTHHKAa B MOMEHT yaapy craHoBmwia 5+0,5 m/c, a HOMiHaJIbHA MOTEHIIIHHA €HEepris

MasTHUKa nopiBHioBana 50/x [38].

2.9 JlocuimkeHHsT MIKpOCTPYKTYpH MarepianiB. BumipioBaHHs po3mipis

3epeH

JlocmimpKeHHsT MIKPOCTPYKTYPH CTallell  3pa3KH 3alpecoByBaJM B 000WMY 3

OakeniTy JJisi OTPUMaHHS TUIOCKOMAapaJiebHOI MOBepxXHI Ta 1uTidyBanu Ha nanepi SiC
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piznoi 3epHuctocTi (Big P400 no P2500). Ilicnis uporo 3pa3ku mnojipyBajid Ha CyCHeH31i
AlLOs 3 posmipom 3epeH 0,05 MxM. {7151 BUSIBACHHSI CTPYKTYPH 3 METOIO BUMIPIOBaHHS
PO3MIPIB 3€peH BUKOPUCTOBYBAIU PEAKTUB- 3% PO3UMH a30THOI KUCIOTH B CIIUPTI, Yac
TpaBiaeHHa - 10 c. Orpumanuii Mikponutid 3HIMATM HA ONTUYHOMY MIKPOCKOIMI
«MeigjiTechno» npu 30unbmeHHsx Big x50 go x500. J{ns BU3HAUEHHS LIHU TOIUIKH
BUKOPHUCTOBYBAJIM 00’ €KT MIKPOMETP, BIA3HATHI MpHY 30UIBIICHHSX 32 SKUX MMPOBOIMIH
3OMKY. BumiproBanHsi po3mipiB 3epeH (PepUTO-NEpIiTHOI CTall MPOBOJUIA METOJIOM
ciunux 3a crangaproM ASTM E112 y mporpami Imagel Pro.

JUis MpoBeACHHS JIOKAJIIBHOTO MIKPOPEHTI€HOCTIEKTPAJIbHOTO aHali3y, OL[IHKHU
OJTHOP1THOCTI PO3MOALTY T0OABOK JIIraTypH Ta HEMETAJIEBUX BKIIIOUEHB (OKCH/IIB TOILIO)
HeMpoTpaBiieH] uUTi(hU 3HIMATIM HA PACTPOBOMY eJeKTpoHHOMY Mikpockorni PEM 10611

(Ykpaina) 3 npucraBkoro Oxsford x-act (CIIIA).

2.10 PentreniBcbkuii QuiyopucueHTHUH aHATI3

JIns BU3HAYEHHS XiMIYHOTO CKJIAAy BHXIJHUX TMOPOIIKIB BHKOPHCTOBYBABCS
METOJT PEHTI'eHIBChKOI (piryopeciieHiii 3 aHaiizaTopoM ximidHoro ckiany Expert 3L. B
IIbOMY METOJI1 aTOMH 00'€KTa JOCIIHKEHHS 30YIKYIOThCS PEHTI€HIBCHKHUM, TaMMa- abo
10HI3YIOUMM BUITpOMiHIOBaHHAM. [Ipy B3aeMozii aToMiB MaTepiary 3 BUIIPOMiHIOBAaHHSIM
BHCOKOI €Heprii, eJICKTPOHH, PO3TAIIOBaH1 OJIM3BKO JI0 Spa aToMa, BHJIITAIOTh 31 CBOIX
opOiT. lle mpU3BOAUTH O TOro, IO E€JIEKTPOHHU 3 OUIBIIT BHUCOKHX EHEPreTHUYHUX
opOitaiieli 3aliMarOTh iXHE MICIle, TpPU I[OMY BOHU BHUIAUIIIOTH (OTOHU -
XapakTepUCTHUHE (IIyOpPECIIEHTHE BUIMPOMIHIOBAHHA. [HITUMU ClIOBaMH, BiOYBa€THCS
€MiCis BUITPOMIHIOBAHHS 3 MEHIIIOIO €HEPTi€l0, HIK Ta, SKY MOTJIHHYTO.

AHai3yl0uM TOJIOKEHHS MAaKCUMYMIB Yy CHEKTpl BHUIIPOMIHIOBAHHS, MOKHA
MIPOBECTH SKICHU €JIEMEHTapPHUH aHaJTI3 TAKOTO CIIEKTPY (IIyOpECIICHITii. 3a BETMUYNHOO
[IUX MaKCUMYMIB 1 BUKOPUCTOBYIOUH €TAJIOHHI 3pa3Kd, MOKHa BUKOHATH KUTBKICHHUIMA

aHaJII3.
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2.11 Penrrenoga3soBuii aHaIi3 Ta BU3HAYCHHS 3a/TMIIKOBUX HAINIPYKEHb

PeHTreHOCTpYKTYpHI ~ AOCHIUKEHHS ~ 3pa3KiB  NPOBOJWIM B MIJIHOMY
BUITPOMIHIOBaHHI 3 JJOBKUHOIO XBUJI Acykal = 0,154187 um Ha audpaktometpi Ultima IV
bipmu “Rigaku” (Snownist) 3a po3nosaiioM inteHcuBHOCTI (1)) B310BX) AUPPAKIIITHOTO
BekTopa (q) Ha «0—20» qudpakrorpamax i3 KpokoM 3iioMku 1o 20 - 0,04° Ta BUTPUMKOIO
1 c. [45].

HudpakrorpamMu o0poOsuiMcs 3 BUKOpPUCTaHHSAM makery mporpam RIR Ta
Pitenba B mporpamHomy 3abesneuenHi PDXL. [lonoskeHHs KyTiB 1 IIMpHUHA MIKIB
IHTEHCUBHOCTI BiJl (pa3 Ha peHTreHOrpaMax BUKOPUCTOBYBAJIM JJIsl OIIHKH 3aJTMIITKOBUX
Hanpy>keHb | Ta Il poxy. MakponamnpyxkeHHs: $a30BUX CKIIQJIOBUX PO3PaxOBYBaJIH 3a

3cyBOM AM(pakiifHIX MaKCUMyMiB 3a ¢opmyroro ['yka:

6= 8(-E/“’)9

Jie € — BIJIHOCHA Jiepopmartis;
E — monyns npy>kHoCTi | pony;
u — koedimient Ilyacconal45].
Hani i Bu3HA4YEHHST po3MipiB obnacrelr korepentHoro poscitoBanHs (OKP) ta
BEJIMYMHA MIKpPOHANPY>KEHb OTpUMyBalid 3a MeTonoM Bimesimcona — Xomma. 3a

dopmynoro CensikoBa-1lleppepa po3paxoByBau posmip OKP (D):

D= A/ xCosb).

MikpoHanpy>keHHs (MikpoaehopMaIliro) po3paxoByBaliv 3a 3aKoHOM ['yka:

emikpo=Ad/d= (p/4)ctgar.
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JUist  cnocTepeXeHHsT yTBOPEHHA CTPYKTYpPHOI  HEOJHOPITHOCTI  OyJo
BUKOPHUCTAHO METOJ] CKaHyBaHHS OOEpPHEHOTO MPOCTOpY, M0 Oa3yeThcs Ha

BUMIpIOBaHH1 IHTeHCUBHOCTI (Ihki) 1HTEpdepenuiit hkl s pizHUX MOT0XKEHb 3pa3Ka.

2.12 Bu3HavyeHHs TBEPAOCTi Ta MILTHOCTI HA PO3THAT

MeTtor0 BU3HAUEHHS OJTHOPITHOCTI PO3MOJILTY JISTOBAHUX JOMIIIOK Ta BUSIBICHHS
CTPYKTYpHUX  HEOJHOPITHOCTEH B  MIKpPOOO’€éMaxX MPOBOJWIM  BHUMIPIOBAHHS
MiKpoTBepaocTi 3a MeTooM Bikkepca 3a JICTY ISO 6507-3:2008 [39].

MexaHi4H1 BUIIPOOYBaHHS Ha PO3TAT 3pa3KiB CIIEUEHUX MaTepiajiB MPOBOIMINCH
Npy KIMHATHIA TeMIIepaTypi 3 BUKOPUCTAHHSM YHIBepCaJIbHOI po3prBHOI Mauau 1958
V-10-1. JocmimxenHs npoBoawiauchk 3rimHo ctadmapry JACTY ISO 6892-1:2019
MertaneBi matepianu. Bunpobysanus Ha po3tsr [40].

TecTtyBaHHS Ha PO3TATHEHHS BBA)KAETHCS OJIHUM 3 HAHOLIBII (yHIAMEHTAIBHUX
Ta MIMPOKO BUKOPUCTOBYBAHMX METOJIB BUIIPOOYBaHb. XapaKTEPUCTHUKH, OTPUMAaHi B
pe3yNbTaTi TaKUX EKCIIEPUMEHTIB, JO3BOJISIOTH OIIHWTH MIIHICTh 1 TUIACTHYHICTD
Martepiaily py CTATUHYHUX HABAHTAKEHHSIX 1 € KITFOUOBUMHU TIPH MTPOBEACHHI PO3PAXYHKIB
Ha MIIHICTh KOMITOHEHTIB MAIITUH Ta KOHCTPYKIIIMHUX €JIEMEHTIB.

VY naHoMmy JOCIIIPKEHHI 3aCTOCOBaHI CTAaHaPTU30BaH1 METOUKH ISl BUBYCHHS
CTPYKTYPH Ta XapaKTEPUCTHK MaTepialliB.

3acTOCOBaHI METOJIMKHU € aJICKBATHUMHU JIJIs1 €(DEKTUBHOT'O KOHTPOJTIO TIPOIIECiB
BUPOOHHUIITBA MaTEpialliB 13 3aJJaHOI0 CTPYKTYPOIO Ta BIACTUBOCTSAMH, a TaKOX IS

dbopMyBaHHS YITKUX BUCHOBKIB.
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3 BILJIUB XIMIYHUX TA ®I3UUYHUX BJIACTUBOCTENM MOPOIIKIB HA
®OPMYBAHHS MIKPOCTPYKTYPH TA BJIACTUBOCTEM
MOPOIIKOBOI CTAJII

3.1 Anaui3 ¢pi3uKo-XiMiYHUX BJIACTUBOCTEN BUXIIHUX MOPOIIKIB

Ha anizoTpomito ycamku jgetajedl mil 4ac CHIKaHHS BIUIMBAIOTh PEOJIOTTYHI
BJIACTUBOCTI B’SDKYYHMX CHCTEM, TPaHyJIOMETPUYHMN CKJIaJ BUXIAHUX MOPOIIKIB,
TeMIlepaTypa CHIKaHHsS, cuia TsOKIHHSA. DI3U4yH1 BIACTHBOCTI IMOPOIIKIB CYTTEBO
BIUIMBAIOTh Ha B’S3KICTh CyMIII, Ha MpPOLEC CHIKaHHS Ta MEXaHIYHI BJIACTHUBOCTI
cneuenux UJIIT netaneit. [Ipore, y cienudikariii 70 rpany1 Ajist JUTTS HATAETHCS JIUIIE
XIMIYHUN CKJIaJ, TYCTHHA Ta MEXaHIYHl BIACTUBOCTI TOTOBOTO BUpOoOy. Tomy B poOoOTI
Oy/M BUPIIICHO TOCITIAUTH (PI3UYHI Ta XIMIYHI BJIACTUBOCTI MOPOIIKIB OJHIET MapKu
(crans AISI 8740), mpote pizaux BupoOHukiB: Catamold8740 (pipma BASF, Himeuunna)
ta PolyPOMS8740 (dipma PolyMIM, Himeuunna). Ll cranp BigHOCHTBCS 10
HU3bKOJIETOBAaHUX OIO/KETHUX CTaJICH, e cyMapHa KUTbKICTb JIETYIOYMX KOMIIOHEHTIB HE
niepesutiye 3%. 3arabHU XIMIYHAN CKJ1a]1 000X MaTepialliB npeacTaBiaenuit y Po3aini 2,
tabnmii 2.1. Ha 300paykeHHSIX 3 €JICKTPOHHOTO MIKPOCKOITY OYJ10 IPOBEJICHO KITbKICHUN

Metasiorpadiunuii anamnis (puc.3.1).

a — Catamold8740; 6 — PolyPOMS8740
Pucynok 3.1 — MikpocTpyKTypa MOPOIIKIB
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YacTHHKM TOPOIIKIB KapOOHLILHOTO 3ajii3a MawTh chepuuHy ¢dopmy, M0
3a0e3nevyy€e BUCOKY TEKYYICTh MOPOIIKY 1 JO3BOJIE HIUIBHO YKIACTH YAaCTHUHKU B
JUTOMY 3pa3Ky. Po3mipu yacTUHOK 3HaxXoJsAThcs B Alana3oHi Big 0,5 10 2 MkM, Ui
PolyPOMS8740, 1 0,5-5 mxm Catamold8740. Ilopowmiku jiratypu BHUTOTOBIISIOTH
METOJIOM PO3MHIJIEHHS Yy Ta30BOMY CEpeIOBHIN, IO 3abe3nedye iX TepeBa)KHO
chepuuny dopmy (puc. 3.1). Jleryrodui KOMIIOHEHTH BBEICHO Y BUIJISIII KPYIHHUX
YaCTUHOK, po3MipoM 710 40 MKM.

Pe3ynbraTi BUMIpIOBaHb CEPEIHHOIO PO3MIPY YACTUHOK KapOOHIJIBHOTO 3aJ1i3a
Ta iX PO3MOAUIA 3a pO3MIpamMu IMpeAcTaBieHl Ha pUCYHKY 3.2. JIns aHamizy po3mipy

MOPOLIKY BUKOPUCTOBYBaJM nporpamy Image) 1.48V (CILA).
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Pucynox 3.2 — I'icrorpaMa po3no/ ity mOpOIIKiB 3a pO3MipoM

3 pucyHky 3.2 orpuMaHo (I3MYHI XapaKTEPUCTHKU CyMIIIEH MOPOIIKIB JBOX
BUPOOHHUKIB, & TAKOXK CTATHCTUYHI TApaMEeTPU PO3CIFOBaHHA 3a po3MipoM (Tabm. 3.1).

SAx BumHO 3 Tabmmmi 3.1 mopomrku Catamold8740, na BimMiHy Big PolyPOMS8740
MAalOTh BHIIMI KOE]IIIEHT Bapiarlii, Mo XapakTepu3ye MUPOTY PO3MOILTY YACTUHOK 32

po3Mipamu.
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Tabmuus 3.1 — CTaTucTHyYHI apaMEeTpU PO3CIIOBAHHS YACTUHOK MOPOIIKY 32

pO3MipoM
Hazsa napamerpy Catamold8740 PolyPOMS8740
Cepenniii po3Mip, MKM 2,94 2,13
MakcuManbHuA po3Mip, MKM 19,35 13,67
MiHiMaJIBHUI PO3MIP, MKM 0,58 0,56
Meniana, MKM 2.4 1,9

CrannapTHe BIIXWICHHS, G 2,67 1,25
Koedimient Bapiarii, Cy 91% 58%

Pi3Huit QpakuidiHuil ckiaa 4aCTUHOK OyJie BU3HAYATH IIUIBHICTh YKJIAQJAAHHS M1
Yac JIUTTS, 3aBSKH TOMY, 1110 YaCTHHKH JUCIIEPCHOT (PpaKIlii MITLHO YKIAAAFOTHCS MiXkK
IIyCTOTaMH, CTBOPIOBAHMMH YaCTHHKAMHU KpYNHOI (pakiiii. MeHIIli YaCTHHKH TIOPOIIKY
PolyPOMS8740 3a0e3mneuytoTs OUTbII BUCOKY €(EKTUBHICTD YIIUIBHEHHS M1/ 4ac JIUTTS
Ta mojaibioro cmkaHasg, HDK Catamold8740 [41], mo moxe OyTH MOB’S3aHO 3
JIOKQJIbHO-HEOAHOPITHUM YITUTPHEHHSIM TIOPOIIKIB, @ TaKOX 3 PO3MIPOM 1 XIMIYHUM
CKJIaJIOM BBEJCHUX JIETYIOUMX KOMIIOHEHTIB. [IpoTe, 3MEHIIEHHS PO3MIpY YaCTHHOK
MOPOIITKY HETaTUBHO BiJIOOpaKa€ThCsl Ha PEOJIOTIYHUX BIACTUBOCTSIX BUXITHOI CYMIIII.
3HIKEHHS B’SA3KOCTI  (OpMYyHOUoi CyMiImi, 31 3MEHIICHHSIM pO3MIpIB IOPOIIKIB,
IPU3BOJIUTH JIO CTPYKTYPHUX JIe(DEKTIB i1 4ac IHKEKIIMHOTO (hOpMyBaHHS BHJIMBKIB [2],
[36]. Tomy B manomy po3aiun Oyae OUTBII JIETAIIBHO PO3TJISHYTO BIUIMB TpaHYII
Catamold8740 Ha dhopMyBaHH 51 CTPYKTYPH 1 BIaCTUBOCTEH ctauti, orpumanoi LJITT.

3a pe3ynbpTaTaMu JJOKaJIbHOTO MIKPOPEHTIEHOCTIEKTPAIBHOTO aHaJIi3y MaTepiai
Catamold8740 micTuTh y cCBOEMY cK1aii moporiok Ni 3 cepeaHiM po3MipoM 4aCTUHOK
2 mxM (puc. 3.3) ta miratypu: Fe - Cr; Fe — Mo; Fe —Si (1a6:1.3.2).

BBenenns nmucnepcHoro Hikemo (< 5 MKM) OB SI3aHO 3 THM, 1110 BiH HE YTBOPIOE

MIITHI OKCHJTHI TUTiBKH, Ha BiaMiHy Bijg Cr, Si ta Mo.



WD=16.2mm

Pucynok 3.3 — Mikpo3HIMOK MOPOIIKY HIKeJ0 (Touka 2) y CyMmiIi

Catamold 8740

Tabmug 3.2 — XiMiuHUN CKIIaJ] Ta PO3MIpH MOPOIIKIB JITaTyp Y CyMIIi

Catamold 8740

Po3mip
XimiuHmii esleMeHT Fe, mac.% | Cr, mac.% MO; Sl’o "ACTHHOIK
Mac.% | mac.% | mopouky,
MKM
Fe-Cr
MaxkcumasbsHe 3HaYCHHS 59,8 52,5 0,2 0,2 17,4
MiHiManbHe 3HaYEHHS 47,1 40,2 0,1 6,7
CepeHE 3HAYCHHSI 51,6 48,2 0,1 0,1 11,1
Fe-Mo
MakcuMajbHe 3HaUCHHS 97,4 0,7 13,0 0,3 21,2
MiHiMaIbHE 3HAUYCHHS 86,5 0,1 2,4 0,0 8,2
CepeHE 3HAYCHHS 89,6 0,3 10,1 0,1 12,6
Fe-Si
MaxkcuManasHe 3HaYCHHS 94,1 0,5 0,2 16,4 40,6
MiHiManbHe 3HaYEHHS 82,9 0,0 0,1 5,8 8,8
CepenHe 3HaYEHHS 88,8 0,2 0,1 10,9 16,8
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3.2 BiuiMB TeXHOJIOTIYHMX NapaMeTpiB mpouecy OTPUMAHHA HA CTPYKTYpY,
(¢azoBuii ckiaja Ta BaacTuBocti marepiany Catamold8740
3.2.1 BiiuB Jerylouux A00aBOK Ha MIKPOCTPYKTYPY HOPOLIKOBOIO

marepiaiay Catamold8740

3 METOI0 AOCTIIKEHHSI BIUTMBY MOPOILKIB JIIraTypy HA MPOXOKEHHS MPOLECIB
VIIUIbHEHHSI Ta (OPMYBAaHHS MIKPOCTPYKTYpH, Ha PI3HHUX eTamnax CIHiKaHHS
MPOBOJWIIM JIOKAIBHUI MIKPOPEHTIeHOCTIeKTpanbHuii anami3z. Ha pucynky 3.4
MOKa3aHO MIKpOCTPYKTYypy Matepiany Catamold8740 micins crikaHHs 32 TeMIepaTypu
900°C. XimiuHMI ckiaja credeHuX 3pa3kiB HaBeAeHO y Tabmuii 3.3. Pesynbratn
MIKPOCKOTIYHUX JIOCHIJIKEHb TOKa3yl0Th, IO IMICIS CIIKaHHS Ha MICI[l BBEICHHS
JIETYIOYMX KOMIIOHEHTIB 3aJTUIIAIOTECS 00J1acTi po3MipoM A0 20 MKM, 3 HEOTHOP1THUM
PO3MOILIOM JIETYIOUUX €JIeMEHTIB. BakTMBUM TipU CITIKaHHI TTOPOIIKOBUX MaTepiaiB 3
JOJJaBaHHSAM KPYITHUX JIETYIOUHX € YTBOPEHHS TOPOBUX MPOLIAPKIB HA TPAHUII PO3ALTY
13 3aJ1i3H0I0 OCHOBOIO. Hikenb, Ha BiAMIHY BiJl 1HIIMX €JIEMEHTIB, 32 PaXyHOK OUIBII

BHCOKOI JUCTIEPCHOCTI MOPOIIKY TaKi MIPOIIAPKU HE YTBOPIOE.

WD=16.3mm 20.00kV  x500

Pucynok 3.4 —MikpocTtpykrypa matepiany Catamold 8740 micis criikaHHS 3a

temnepatypu 900 °C 3 BuTpuMkoro 60 xB
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Tabmuua 3.3 — JlokanpHuil XIMIYHMM CKIaJ CHEYEHHX 3pa3KiB 3a

temneparypu 900 °C 3 Burpumkoro 60 XB.

XiMiununit Bwmict, mac. %

€JICMEHT T.1 T.2 T.3 T.4 T.5 T.6
Si 0.08 0.39 0.18 0.05 24.32 12.61
Mn 0.4 1.00 0.04 0.22 0.31
Fe 99.49 77.32 64.68 42.79 75.16 86,8
Cr 0.02 0.57 33.99 0.1 0.19 0.2
Ni 0.56 56.37
Mo 21.16 0.43 0.04
Ca 0.15 0.21 0.1
S 0.01

Binomo, mo Fe-Si miratypa yTBOpro€ 13 3a1130M pifKy a3y HHKYE TeMIepaTypu
cnikaHHa [42]. Ycaaka MOYMHAETHCS Yy MICHSX BHCOKOI KOHIIGHTpALlli KPEMHIIO, 1
CHPUYMHSE€ BUHUKHEHHS TOPOBOTO MPOIIAPKY HABKOJIO IAHUX JIOKAJIbHUX obJacTei [42].

Tomy misi OTpUMaHHS TOMOTCHHOI TBEpAOi CyMillli B CIICUEHUX 3aji30-
KPEMHIEBUX MaTepiajiax HeoOX1THO BUKOPHUCTOBYBATH BUCOKI TEMIIEpaTypH CIIKaHHS
Ta 10BroTpuBaji BUTpuMKH [43]. [Iporiecu audys3ii, ki IPOTIKAIOTH ITi]T 4ac CITIKaHHSI,
HE 3/1aTHI IOBHICTIO BI/IHOBUTH Ta MIATPUMYBATH KOHTAKT MK 3aJ1130M Ta YaCTUHKaAMHU
KPEMHII0, 110 MOPYIIYETHCS B pe3yJIbTaTi 3MEHIIICHHS 00’ €My B MPOIECI PO3UMHEHHS
KpeMHII0. 3 MiABUINEHHSIM Temmeparypu crikands no 1270°C (Butpumka 30 XB)
MEXaHI3M PO3UYMHECHHS KPEMHIIO Yy 3ali3HI OCHOBI MOMIHWBO TIPEACTABUTH Y
HacTynHoMy Burisiai. Jlo remnepatypu 1200 °C kpemHiii TUIlIe 4aCTKOBO PO3YHHSAETHCS
y 3ami3Hii ocHOBI. Hepo3umHeHi KpucTaiu KpeMHIiI0 MOBHICTIO 30epiraioTh GopMy Ta
KONip, siki Manmu micis ¢opmyBaHHA. Ha wmicii po3YMHEHMX YACTMHOK KPEMHIIO
BUHUKAIOTH 00J1ACTi 3 MIBUIIIEHAM BMICTOM KPEMHiI0, 00ISIMOBaH1 TEMHUMH KOHTYpaMu
(puc. 3.5), HasABHICTh SKHX TIIOSCHIOETHCS HEIAOCATHCHHSM ITOBHOTO KOHTAKTy MiX

JaCTMHKaMH KPEMHIIO Ta 3aj1i3a B Iporieci popMyBaHHS.
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20.00kV  x100 ‘WD=20.3mm

a o

a — noBepxHst Mikpouutidy (x700) Ta (x1000); 6 — noBepxHs pyHHYBaHHS
Pucynok 3.5 — MikpocTtpykTtypa matepiany Catamold8740 (temnepartypa criikaHHs
1270°C, Butpumka 30 xB)

ATomu 3aiti3a, Skl HAAXOATh NUIBIXOM caMou(]y3ii, po3NoAUISIOThCS 1O BCiid
MOBEPXHI HAMAralO4YrcCh 3aiHITH MOJIOKCHHS 3 HAMMEHIITNM 3aI1acoM BiJIbHOI €Heprii,
3aMOBHIOIOTh TIEPEBAKHO MIKPOIIOPU Ta TPINIMHU, a HE BUCTYIAOYl NUISHKH, SKi
MOTJIM CTaTH KOHTaKTHUMH. PO3YMHEHHS BUCTYMIB Ta 3IJIa/HKyBaHHS MiKpOpEIbeQy
BIZTOYBA€THCS TAKOXK 3aB/ISIKU MOBEPXHEBIM nu]y3ii. Pe3ynbpraToM BCiX WX MPOLIECIB, K1
TICHTIOIOTECS TIepeBakaHHAM AUQy3ii KpeMHII0 B 3ai1i3i Haa camonudysiero 3amiza €
30epiraHHs TEMHUX KOHTYPIB HABKOJIO AUISHOK 3 MIBUIIIEHUM BMICTOM KPEMHIIO HaBITh
TIpY 3pOCTaHHI Temmneparypu (puc. 3.5) [44].

Ha pucynky 3.6 npencrasieno (paxrorpadiro 3mamy 3pa3KiB Micis CIIKaHHS 3a
temnepatypu 1270°C 3 Butpumkoro 30 xB. 30HM 3 MIIBUIIICHUM BMICTOM KPEMHIO

MIPU3BOISTH IO YTBOPEHHS CTPYKTYPHOI HEOTHOPITHOCTI Ta CTOPOHHIX BKITFOUECHb.
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WD=15.7mm 20.00kV _ x2.50

‘WD=15.7mm 20.00kV _ x1.00k

Pucynox 3.6 —IloBepxns pyiinyBanusa Catamold8740 (temneparypa cikanus 1270°C,

BuTpruMKa 30 XB)

B oGnacti, sika mpuisirae 0 KOHTYPIB KPEMHIIO, CIIOCTEPIraeThCs IMiIBUIIECHA
MOPUCTICTh. Bigomo, 1110 Tipy CriikaHHI TBOKOMIIOHEHTHUX CUCTEM OJTHOYACHO 3 BIACHOIO
00’€MHOI0  YCAQJIKOIO, PEKPUCTATI3AINEI0 Ta 3aJIKOBYBaHHSIM MIKpo JedeKTiB
KPUCTAIIIYHOI TPaTKH BiOYBaIOThCS TIpoliecu B3aeMHOI nudy3ii (edext dDpenkens), Mo
MPU3BOIUTH JIO TOMOTEHI3allli IOPOIIKOBOI CyMIIll Ta BUHUKHEHHIO IUDY31HHOT
MTOPUCTOCTI BHACIIIOK HEPIBHOCTI MapiiiaibHux koedimieHTiB audy3ii [43]. [Tpu qudysii
KPEMHII0O B XIMIYHO HEOJHOPIIHOMY TBEPAOMY PO3YMHI BIOYBA€ThCS TPOIIEC
3apOJPKEHHSI Ta 3POCTaHHA MIKPOIOP 3a HACTYIHHUM MEXaHI3MOM: TBEpIi PO3YUHU
3aMIIIEHHA KPEMHII0 B 3alli3l MAlOTh IIUIbHY YIAKOBKY aTOMIB, B SIKIH pyX aTOMIB
BiOyBaeThess 3a paxyHok BakaHcid (K. II. Bbynin). [dudysis kpemuito B 3aiisi
B1IOYBa€ThCS MIBHUIIIE HIXK camoandy3is 3aii3a. 30Ha 3 MiABUILIEHUM BMICTOM KPEMHIIO
BTpayae OUTbIIIE aTOMIB 3aji3a 1 TAKUM YHHOM HACHUY€THCS BakaHCiAMU. B pesynbraTi

YTBOPIOKOTECS MIKpOMopH 3 po3mipamu Bix 10 1o 4107 .

3.2.2 Pentrenoga3zoBuii aHadi3 BUXiIHHUX NOPOMIKIB Ta marepiajiB micias

CIHiKAHHSA

VY po6oTi Oyi10 OTpUMaHO PEHTT€HOTPAMU BiJ] BUXITHUX MOPOIKOBUX MaTepiajiB

Catamold8740 Ta PolyPOMS8740. Ha pucynky 3.7 mnpeactaBiIeHO pe3yJbTaTH
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PEHTI€HIBCHKOI 3HOMKH IMX MaTepiaiiB, sKl 3a ()a30BUM CKJIaJOM HE BIAPI3ZHAIOTHCA,
OCKUIBbKH BIATOBIIAl0Th OAHIN Mapin ctami. [Ipote, B mianazoni kyTiB Bix 20 mo 60 rpaj
CIIOCTEPIraloThCs JOJIATKOBI peQUIeKCH MaJjioi 1HTEHCHUBHOCTI, IO CBIIYaTh MpPO
HasiBHICTB, KpiM OIIK 3amiza nmomatkoBux (ha3/koMnoHeHTIB. BHacHiok HeIOCTaTHBOI
KUTBKOCTI BIIOMTKIB, BMICT (a3 MOXKHA JIMIIE OIUHUTH 3 BUKOPUCTAHHSIM METOIY
Pitenpna (~0.2 mac. %). B o0ox Marepianax 3BepTae Ha cebe yBary pO3LIMPEHHS
pednekciB Ha Benukux KyTax (20 ~114° 1 ~140°), skl BUPI3HSAIOTBCA YITKUM
PO3AUICHHSAM JTyOJeTy PEHTICHIBCHKOTO BUIIPOMIHIOBAHHS (Kol, Ko2) 1 BCTAHOBIIOIOTH

BIICYTHICTb HANpPY>KEHb B MOPOIIKOBUX CyMIIlIaxX IUX mMarepiaiis [45].

{110}
{110}

g T & T g = — —
S s8 8 8 g =
J\ L; A J\ e J J\ j A k n
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
20, deg 20, deg
a 4]

a — Catamold8740; 6 — PolyPOM&740

Pucynok 3.7 — PenTrenorpamu BUXiTHUX MaTepialliB

JlocmipkeHHsT MIKPOCTPYKTYPH BKa3ylOTh Ha Te, IO ITiJ1 Yac MPOIECy CHiKaHHS
Mmatepiary Catamold8740 BHWHHKae CTPYKTypHa HEOMHOPITHICTH Ta YTBOPIOIOTHCS
JPIOHOKPHUCTATIYHI CTOPOHHI BKITFOUSHHS. MeTo;1 3MOMKH TOJIOCHUX (Diryp (CKaHyBaHHS
By3/1a OOEpPHEHOI TpaTKH), SKUi 0a3ye€TbCs Ha PEHTTCHIBCHKOMY JIOCIIIKEHHI, OyB
BUKOPUCTAHUM JIJIs1 BUBYEHHS 1IbOTO sIBUIIA (UB. puc. 3.8).

Ha pucynky 3.8 a Ha momtocHI (irypi 9iTKO BHJHO JOJATKOBI as3u, sKi
CHIBIAIAIOTh 13 KyTaMH BIIOWTTS JJI1 HEMETAICBUX BKIIOUEHB (KapOimiB, OKCcHaiB Mo,
Cr Tomno). 3 BENMUKOIO KITBKICTIO IPIOHUX BIJOWUTKIB Ta 3HAYHOIO Bapialli€t0 MOKITUBUX

¢da3 crangapTHI METOJM KUTBKICHOTO aHalli3y, Takl sk Meroau PitBenbaa, [larepcona ta
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HIIN, CTalOTh HENPUIATHUMU Ui BHU3HAYECHHS KUIBKICHOTO (Pa3oBOro CKiIaxy

JOJIaTKOBUX (ha3.

)
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Pucynox 3.8 — Pentrenorpamu Catamold8740 3a meToiom 3HOMKH By371a 00€pHEHOT
rpatku (a)1"0-20" (6) npu AUCKPETHUX 3HAYCHHAX KyTa [3 MOBOPOTY 3pa3ka Kpusa 1

= [=3.6°, kpuBa 2 — 3= 4°, kpuBa 3 — =8° [45]

3a yMOBH BUKOPUCTAHHSI OLTBII JIETaJIbHOI 3HOMKH (KPOK IepecyBaHHs 3pa3Ka 1o
ocsM «PB» 1 «20» cranoBuB 0.1°, BUTpUMKa 2 C) 3 MaJlUM KPOKOM II€pPECYBaHHS Ta
CHCIIaJIbHUAX TIOJIOKEHB 3pPa3KiB, BUSBISIOTHCSA J0JATKOBI JPIOHI BKIFOYECHHS PI3HOT
iHTeHcuBHOCTI. Ha "6-20" pentrenorpami, BiI3HATII B TOMY K KyTOBOMY 1HTEpBaIi 110
1 momtocHa (irypa (puc. 3.8 6), mpUCYTHI MiKK IHTEHCUBHOCTI, SIKi 3HAXOASAThCS HA KyTax,

10 MOXYTh BIITIOBIIaTH KapOiamM METaliB, SIKi IPUCYTHI y cruiaBi [45].
3.2.3 HemeraJieBi BKJIIOYEHHS TA iX BIVIMB HA MEXaHIYHI XapaKTePUCTUKHU

Ha pucynky 3.9 300paxkeHo (pakrorpadiro moBepxHi pyHHYBaHHS JJIsi CIICUCHUX
matepianiB Catamold 8740. Sk BumHO 3 pucyHKY 3.9 /U1 JaHOTO MaTepialy XapakTepHa

HAsIBHICTH CTPYKTYPHUX JME(PEKTIB Ta OKCUIHUX BKIFOUYCHb, SKi IEPEBAKHO CKIIATAIOTHCS

13 OKCH/IIB KPEMHIIO Ta CHUIIIUIIB
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3nemeHT

20.00kV  x1.00k . 20.00kV  x3.93k

Pucynok 3.9 — ®pakrorpadis 3namy 3 gedekramu CTPYKTypH (@) Ta OKCHJHI

BrutroueHHs 1711 Catamold8740 (6)

Ha pucynky 3.10 300paxkeHo ¢paktorpadiro pyiHYBaHHS Uil Matepiary

PolyPOM&740.

o~

‘WD=16.7mm 20.00kV  x3.93k

20.00kV  x7.85k

Pucynok 3.10 — ®paxrorpadis 3mamy (@) Ta okcuaHi BkiItodeHHs y PolyPOMS8740 (6)

Konmnenrparisi KpeMHi0 y cTOpoHHIX BKiIroYeHHSX st PolyPOM 8740 cknamae
Big 3 1o 15 %. Haromicte, mus Catamold8740 BmicT kpeMmHito 1 3ami3a y BUSIBICHUX
CTOpOHHIX BKIIOYEeHHSX Moke nocsiratet 70 % 1 30 %, BimnoBimHO. Pi3HuUIE momnsirae y

cnoco0i sieryBanHs nmopomikiB. Matepian PolyPOMS8740, sik Oyio BCTaHOBJIEHO paHiIlie,
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BIJPI3HAETHCS OUIBII OJHOPIAHOK JIUCHEPCHICTIO YAaCTMHOK 3 MEHIIMM CEpEeaHIM
pO3MipoM.

Ha pucynky (3.11 a) 300paxkeno mikponutid marepiany “Catamold 8740 micns
CHiKaHHA. BUIHO BeNMKY KUIBKICT JIOKAIBHUX Ae(PEKTiB. SK MOKa3aB XiIMIYHUI aHaII3
(puc. 3.11 6), orpriMaHuii 3a JOMIOMOI'OI0 €EHEPr€TUUHO-TUCIIEPCIITHOIO PEHTTEHIBCHKOTO

CHEKTPOMETPA, TaKl HEOTHOPIAHOCTI € BKIFOUEHHSIMU OKCU1B KPEMHIIO.

x 1E3 Pulses

—r— ——r—rTr—Tr—Tr—r—— T —
0 50 100 150 200

s P Point number
Loototinn] VEGA3 TESCAN|

a o
Pucynok 3.11 — MikpocTpyKTypa CTOpOHHIX BKJIFOUEHB JuIsd Matepiany “Catamold
8740 (a) Ta miarpaMa eHepreTHYHOI IHTEHCUBHOCTI (0); KOYKHA KPHBa BIIMOBIIAE
oKkpeMoMy XiMiuHOMY eneMeHTY (Si-Ka — kpemmiii, O-K — kucens, Fe-Ka — 3amizo,

C-K — ByrJienp)

OxkcuaHa IUTiBKa Ha TOBEPXHI YAaCTUHOK IOPOIIKY CIOBUIBHIOE MEXaHI3MHU
TPaHCTIOPTYBaHHsI MaTepiaity i Yac MPOIECy CHIKaHHS, 0 BiAIrpae HETaTUBHY POJIb Y
OTpUMaHH1 0aKaHUX BJIACTHBOCTEH CIICUECHUX cTajei. ToMy, BaXKIIMBO IIiT Yac CITIKaHHS
CTBOPUTH TaKi YMOBH, IO 3a0€3MEUyI0Th MOBHE, a00 X04a 0, YACTKOBE BiJIHOBJICHHS
OKCHJIIB Ha TIOBEPXHI KOHTaKTy. Okcuan Takux metaniB sk Fe, Ni, Mo MoxyTb OyTu
JIETKO BiZTHOBJIEHI y miana3oHi remnepatyp Big 700°C mo 900°C 3a 1onmoMororo ByTJIEIIHO.
ITpote, OB cTaOLTBHI OKCHIM Takux MeTautiB K Cr, Mn, Si MOXXyTb BiTHOBITFOBATHUCH
JIIIIE TIPY BUCOKHX Temrieparypax crikanus (>1200°C mis Cr) abo He BiTHOBIIOBATHCH

30BCIM, SIK Y BHIIQJKy 3 OKCHIAMHU KpeMHito. Taki 3aJIMIIKOBI BKJIFOUEHHS 3HAYHO
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MOTIPIIYIOTh MEXAHIYH1 BIIACTUBOCTI METaNIB (IUIACTUYHICTD, YAAPHY B’SI3KICTh, BTOMHY
TPaHUIIIO MIITHOCTI) [46].

VYTBOpeHHs TpIlIMH B MAaTpHLl MOOJU3y CTOPOHHIX BKIIIOYEHb SBISIE COOOIO
CKJIaJIHUM, OaraTocTa iitH1A POIIEC, 1110 PO3BUBAETHCS HA aTOMHOMY, (hparMEHTapHOMY
Ta MIKPOCKOMIYHOMY PiBHSX. BUMOroro BUCOKOi MIIIHOCTI METaJIIB Ta CILIABIB € BUCOKA
HIUTBHICTD TUCIIOKAI[IH, pyX SIKUX MOBUHEH OYTH CHOBUIBHEHUH Pi3HUMHM Oap’epamu, 110
yuciaa SIKMX BIAHOCSATHCS HEMETANeBl BKJIIOYEHHS. SIK TpaBUiIO, Takl BKIIIOYEHHS
METaJIeBOi NPUPOAM SBISIOTHCS "KOPCTKUM' Oap’€poM Ha LUIIXY PYXY AUCIOKALIN Ta
CHPUSIOTH JIOKai3alli Hanpy>KeHb y CTalbHIA MaTpulll. Takl HampyXeHHS MOXYTb
NEPEBUIIUTH BEJIMYMHY TPAHULI MIIHOCTI Ta MPUBECTH JO JIOKAIBHOIO pyHHYBaHHS.
PyiinyBaHHs MaTpulll oOIHU3Y BKIIIOUEHHS MOJIMBO IMPEICTABUTU K HACIIIOK JIBOX
KOHKYPYIOUUX TPOIECIB: HAKONMMYEHHS Yy XOJl IUIACTUYHOI jAedopMaliii BHYTPILIHIX
Harnpy>keHb, BHACIIJOK CIOBUIBHEHHS PyXy Ae(EeKTiB KpUCTAII4HOI OyIOBM Ta iX
IUIACTUYHOI penakcaiii. SIKIo MiacTUYHA peslakcallis Halpy>KeHb CTa€E HEMOXIIMBOIO,

BOHHM PEJIAKCYIOTh ITUIIXOM YTBOPEHHS TpillliHU y MaTpuiii [47], [48].

3.2.4 Tepmiune BUIAJEHHS 3B’ SI3KHM Y aTMOC(epPi BOAHIO

Amnani3 MiKpocTpykTypu crnedeHoro matepiany Catamold8740 mokazaB 3HauHY
KUTBKICTB JIOKQTBHUX Je(PEKTIB y BUTIISAAI OKCUAIB KpeMHiro (puc. 3.11) Ha BigMIHY Bif
marepianry PolyPOMS8740. 3 MeToro BiTHOBIICHHS OKCHIIB METaJiB HA PaHHHOMY €TaIli
CHIKaHHS, TPOBEJICHO OTIEPAIIiI0 TEPMIYHOTO BUIAJICHHS 3B SI3KH Y aTMoc(hepi BOIHEO JIs
matepiary Catamold8740.

[lepBuHHE BUmaNeHHS 3B’3KM Ha BIUIMTUX 3paskax 3 marepiamy Catamold8740
OyJo 3MIMCHEHO NUITXOM KaTaTITUYHOTO Ne0alIuHTy B Mapax a30THOI KUCIOTU TpU
temmeparypi 120°C.

Tepmiune BuaieHHS 3B’S3KM Ta TOMEPETHE CIIKAHHS 3pa3KiB MPOBOAMIOCH 3a
HACTYITHUX PEKHMIB:

— wHarpis 10 600°C; Butpumka 120 xB. (atmMmocdepa —BOICHb);

— wHarpiB g0 800°C; purpumka 30 xB. (aTMoc(hepa —BOJICHb);
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— OCTaTOYHE CHiKaHHs MpoBeAeHO y arMocdepi azory (400 mOap), MIBUAKICTH
HarpiBy 5°C/xB.; Temneparypa crikanss 1340°C; surpumxka 30xB.

Jlnst monepeKeHHsT 3HEBYTIICIIIOBAaHHA i Yac | eKCrepuMeHTy y 3acCHIKy 0
AlOs nonasanu rpaditoBuii 3pa3ok, a Il — rpaditoBy cTpyxKy y KibkocTti 20 00. %.

BuMiptoBanHs ~ XIMIYHOTO  CKJaay TMICAsS  CHIKAHHS — [OKa3ajlo  3HayHe
3HeByrieuoBanHg 3paskiB A0 0,1% C. BumipioBaHHA yAapHOi B’A3KOCTI 3pa3KiB
npoBezieHo 3a metogoM [llapmi 3 Haapizom (Ta6:1.3.4).

Jlis nopiBHsIHHA B TaOyuil (Ta6i.3.4) HaBeJEHO KOHTPOJIbHI 3pa3Ku MaTepiary
micJis CrikaHHA y atMocdepi a30Ty. 3MEeHIIeHH HUTBHOCTI 3pa3kiB Catamold 8740 + H,
MOKHA MTOSICHUTH BiTHOBJICHHSIM OKCH/IiB Ha TOBEPXH1 YACTHHOK TIOPOIIIKY, 110 TIPH3BEIIO
10 iHTeHcuikailii moBepxHeBoi udy3ii M yac CriKaHHsS Ta YIOBUIBHEHHSIM 00’ €MHOT
mudy3ii. 3 METOI0 BUBUEHHS BIUITMBY TEPMOLMKIIYHOTO CIIKAHHS HA yAapHY B’S3KICTb
3pa3KiB, MPOBE/ICEHO TOBTOPHE CITIKAHHA 3pa3KiB (1Ba UKIIH).

Cnin 3a3HaunTH, 1o s 3paskiB Catamold8740 momiTHe 3HAYHE 3POCTAHHS
yIapHOi B’SI3KOCTI MPHU BITHOBJICHHI 3B’s3KU Y BojHI. [IpoTe, BIICYTHICTh BYTJICIO Y
CTaJTl, pOOMTH HEMOKJIMBUM OTPHUMAaHHS HEOOX1THOT TBEPIOCTI Ta MIITHOCTI AeTaneit. J{is
HOTEPe/HKEHHS 3MEHIIIEHHs KOHIIEHTpAllii BYTJIEI0 MOYKHA JOUTMXTOBYBATH JiraTypamu
3 MIBUILIEHUM BMICTOM BYTJIEIII0, a00 MPOCTO BBOAUTH YACTHHKHU YaBYHY.

OxpiM TOro, TBEPHAICTh IOPOIIKOBOI CTali MOYKHA MJIBHIIUTH 3a PaxXyHOK
CYMIIlIEHHSI omepallii CIKaHHS 3 ITOBEPXHEBOIO TEPMOXIMIYHOKO 0OpoOKO, abo
HITpOIIEMEHTAIIIi Ha CTaIii TepMIYHOT 0OPOOKH 3aKaTFOBAaHHS Ta BIJITYCKY.

3HavyHe 3HIDKEHHS YOapHOI B’SI3KOCTI JUIsl 3pa3KiB 3 IMIIBUIICHAM BMICTOM
Byriemto Catamold 8740 (KOHTpONBHI 3pa3Ku) MOSICHIOETHCS MPUCYTHICTIO KPHUXKOI
IIEMEHTUTHOI (ha3u.

Hatomicts, 3pasku Catamold 8740 + H; micng cmikaHHS MarOTh CTPYKTYpPY
JIETOBAHOTO (hepuTy, 110 3a0e3medye TIACTHYHICTh MaTepiany. A, sK BiIOMO, IJIAaCTUYHI
MaTepiam 100pe MPOTUIFOTh KOHIICHTPATOpaM HaIPYKEHHS.

Takosx cmiji 3a3HaYMTH, 0 X04a yaapHa B’ s3kicTh 3pa3kiB Catamold 8740 + Hj

3HaYHO 3pOcjia, BOHA HE JocsArae piBHA KoBaHMX cTaneil. Lle MokHa TMOSCHUTH



70

3aJTUIIKOBOIO MIOPUCTICTIO Y JIETANIAX, sIKA HABITh MICHS IOBTOPHOTO CITIKAHHS CTAHOBUTH

6-7%.

Tabmuns 3.4 — VYnapua B’sa3kicte Matepiany Catamold 8740 micns

BIIHOBJICHHS y aTMocdepl BOJTHIO

KinbkicTb .
_— . [inbHICTB, Cepenns yaapHa
Ne | Texnomnorivyni mapameTpu IIUKJTIB 3 . )
} r/cM B’SI3KICTB, J/CcM
CIiKaHHs
1 Catamold 8740 + H; 7.2 21,55
OnuH UK
D) Catamold 8740 7 49 13.66
(KOHTPOJIbHI 3pa3KH) , ’
3 Catamold 8740 + H» 7,29 26,93
JBa nuknmn
4 Catamold 8740 750 12.17
(KOHTPOJIBbHI 3pa3KH) ’ ’

Ha pucynky 3.12 300paxkeno (pakrorpadiro MoBepxHi pyHHYBaHHS JIJIs 3pa3KiB
Catamold 8740 + H,. fAx BuaHO 3 pucyHKy 3.12 miciisi HOBTOPHOTO CHiKaHHS ¢dopMma i
PO3MIp SIMOK PYWHYBaHHS y 3pa3KiB, CIICYCHHX y BOJHI, HEe 3MiHIOEThCS. [Ipu criikaHHI B
CEepeIOBUIIIl a30TY 3’ SIBJISAIOTHCS AUITHKY 3 KPUXKUM pyiHyBaHHsIM. Lle MoxxHa moscHUTH
YTBOPEHHSIM TBEPJIOTO PO3UMHY BTUICHHS a30Ty B 3ai3l.

[TopucTicTh cieueHUX y BOJIHI MaTepialliB MOXKHA JIOBECTH JIO PIBHS CIICUYSCHUX T10
TPAIUIIIAHINA TEXHOJIOTII 32 PaXyHOK PEKHUMIB CIIKaHHS Ta TEPMOOOPOOKH.

3 MEeTOI0 BHUBUYEHHS BIUIMBY a30Ty IIiJ] Yac CIIKAHHS Ha MPOLIECH PyHHYyBaHHS
3pas3kiB Catamold 8740 npoBeneHO CIiKaHHS MPH OJHAKOBUX PEXHMMax B CEPEIOBHIII
a30Ty Ta BaKyyMi.

Ha pucynky 3.13 300paxxeHo ¢gpakrorpadiro moBepxHi 371aMy 3pa3KiB MaTepiary
Catamold8740 micns crmikaHHs (cepemoBuine: a3oT puc.3.13a; Bakyym puc.3,136) Ta
TepMooOpoOkn  (TBepaicTh 30-35SHRC). TepmooOpoOka 3paskiB Mmicis CHIKaHHS

MIPOBOJIMIIACH 3 METOIO BUPIBHIOBAHHS PO3MIPY 3€pEH Ta (Pa30BOro CKiamy.
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a, 6 — I mukn cnikauus; 6, 2 — Il HUKIM CriiKaHHS
Pucynox 3.12 — ®paxrorpadis noBepxHi pyitHyBaHH: 3pa3kiB Catamold 8740 + H; (a,
6) 1 Catamold8740 + azor (6, 2)

Sk BimMmivanocs paHimie Ha pucyHKy 3.13, It 3pa3KiB CIIEYEHHX y BaKyyMHIN
atMocdepi (puc.3.136) nputamanHi OUIBIT TOCTP1 KPOMKU MK TUMIUIAMU TUIACTHYHOTO
pyhnyBanHs. Hatomicth, s 3paskiB (puc.3.13a) xapaktepHa BelUKa KUIBKICTh
MIKPOSIMOK Ha TPAHMIAX PO3MALTY. TakuM YWHOM, MOXIIMBO TPHUITYCTH HASBHICTH Y
CTaJIsIX CHEYEHUX y atMocdepi a30Ty BKIIOUYCHb HITPHUIIB. Taki, CTOPOHHI BKIIFOUCHHS
MO>KYTh 301TBIITYBATH TBEP/IICTh Ta MIITHICTh MaTepially, MPOTE HETATUBHO MTO3HAYAIOTHCS

Ha IUIACTUYHOCTI.



20.00kV _ x2.50k

a — CIiKaHHs B atMoc(epi a30Ty; 6 — CHIKaHHS Y BaKyyMi
Pucynok 3.13 — ®paxrorpadis noBepxHi 31amy 3paskiB marepiany Catamold8740 micis

CIIKaHHS Ta TEPMOOOPOOKHU

3.3 BuiuB napamMeTpiB CcHikaHHSI Ha CTPYKTYpy MartepiajiiB Catamold8740
Ta PolyPOMS8740

3.3.1 BmuiiuB napameTtpiB ciikaHHsl HA MiKPOCTPYKTYpYy Matepiaiis IJITT

Y pobGoti mpoBeneHo anHamiz MikpountigiB MatepianiB  Catamold8740 Ta
PolyPOMS8740 cneuenux 3 BuTpumkoro 30 xB Ta 120 xB, IMBUIKICTIO HATPIBY CKIIajaia
Bin 2°C/xB nmo 5°C/xB, temmeparypa 1270°C Tta 1340°C 3 MeTor AOCHTIIKEHHS
(hopMyBaHHS CTPYKTYPH Ta BUMIPIOBAHHS MIOPUCTOCTI.

Ha pucynky 3.14 300paskeH0 MIKpO3HIMKHU AocuigHux craieit Catamold8740 Ta
PolyPOMS8740 micns TpaBieHHs.

Ha xiHmieBi MexaHiuHi BJIACTUBOCTI IMOPOIIKOBUX CIUIABIB BHJIMBAIOTh HE JIMIIIEC
po3mip Ta hopMa mop, ae i po3Mip 3epeH. [HTeHcH]iKallis pocTy 3epHa CIIOCTEPITaeThCs
31 30UIBIIEHHSIM BITHOCHOI HIUTFHOCTI MaTepialy Ta TeMIeparypu crikaHHs. B ocHOBI
MIPOIIECY POCTY JISKUTH Mr(y31HHII MacOOOMIH Yepe3 MeKi 3epeH. B Toii sxe gac mporiec
CHiKaHHA OTPeOy€e TAKOK aKTHBAIi AUQY31HHAX MOTOKIB 1 B3JOBK MEXK 3€pEH.

HasBHICTB TIOp B CTPYKTYypi MaTepiay, CyTTEBO 3HMKYE KOHTaKTHY TUIOINTY MiXK
3epHAMU Ta MPUTHIYYIOTh PyX TPAHHIIb 3ePEH. 3a PaXyHOK MPOXOHKCHHS JAHUX MPOIIECIB

Bi10yBa€ThCS YIOBUILHEHHS POCTY 3€pHA.
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100 mcm

¥

a, 0 —1270°C; 2°C/xs.; 30xB.; 6 — 1270°C; 5°C/xB.; 30xB;
6 — 1270°C; 5°C/xB.; 120xB; 2, e — 1340°C; 5°C/xB.; 30xB.
Pucynok 3.14 — MikpoctpykTypa crieueHux matepianiB Catamold8740 (a, 6, 6, 2)

ta PolyPOMS8740 (0, e) micns tpaBnenus (x200)
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3a paxyHOK CKOPOYEHHsI MOPUCTOCTI i Yac CIIKaHHA PI3KO 3pOCTae IUIONIa
KOHTaKTIB MDK 3€pHAaMH, 110 NPU3BOAMTH 10 iX YKpYyNHEHHs. BinmoBimHO 10 naHUX
MIpKYBaHb 00’ €M 3€peH I1J1 Yac CIIKaHHs MPOMOPLITHHMI 30UIBIIEHHIO Yacy 130TEPMIYHO1
BUTpUMKM Q3~t. 3aleKHIiCTh MiK pO3MIpOM 3€pHa Ta HOPHUCTICTIO BM3HAYAETHCA

dbopMmyIioro:

A'NO

ne Ny — BUX1IHUN po3Mip 3epHa;

A — xoncranTa (0,6) [49].

VY tabnumi 3.5 nmokazaHO pe3ysbTaTH €KCIePUMEHTATBHUX JTOCTIKEHb 3 BIUIMBY

napaMeTpiB CIIKaHHS Ha IOy 3€PEH Ta UIUIbHICTh MaTepiaiy.

Tabmum 3.5 PesynbraTé BUMIPIOBaHb pO3MIpPY 3€peH JJisi  MaTepiajiB

Catamold8740 ta PolyPOM 8740

HIBuakicTh Yac [Tnoma
. Temneparypa . ban . 3
Marepian . o HarpiBy, | BUTPUMKH, | 3€pHa, [inpHICTB, T/CM
crikanHs, °C o ) 3epHa
C/xB. XB. MM
2 0.00144 6 7,45
30

Catamold 1270 5 0.00054 8 7,03

8740 120 0.00082 7 7,3

1340 5 30 0.00115 | 6-7 7,46

PolyPOM 1270 2 20 0,00204 6 7,64

8740 1340 5 0,00219 | 5-6 7,65

Ax BumHO 3 Tabmumi 3.5, ONTHMAJIBHMMH YMOBaMHU JUISl CIIIKAHHS CTaji
Catamold8740 e Ttemmeparypa 1340°C, mBunkicte HarpiBanHs 5°C/XxB Ta dac
130TepMmiuHOi BUTpUMKH 30 XB. JIaHWIA PEKUM JT03BOJISIE OTPUMATH KOMOIHAIIIIO BUCOKOT
wineHocTi 7,46 r/cM® Ta manoi mmomi 3eper 0,00115Mm%. 3a iHIMX PIBHUX yMOB

crmikaHs crans PolyPOMS8740, mae 1ineHicTs 7,65 r/cM®, 1m0 CyTTEBO BHILE B
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nopiBHsHHI 3 Catamold8740. Byl mokazHUKY HIUIHOCTI TAKOX B1IOOpakaroThbes 1 HA
cTpiMkoMy pocTi miomi 3epHa 3 0.00115 mm? mus Catamold8740 mo 0,00219 mMm? mst
PolyPOMS8740.

Ha pucynky 3.15 moka3aHo B3a€MO3B’SI30K MK pPO3MIPOM 3€pHa CIIEYEHOTO
Matepiany. Ha pucynky 3.16 HaBeneHO 3MiHY po3MipiB (EpUTHHX 3€peH B CTall
Catamold8740 3amexHo Binm wyacy cmikaHHsi (Temmnepatypa crikanHs 1270°C).
30UIbLIEHHS Yacy 130TepMIYHOI BUTpUMKH 110 120 xB 30u1blIye Ha 18 % BMICT 3epeH

¢deputy B mianazoni 20-35 MkMm.
0,0025

0,002 g

MM?

0,0015

-

0,001

Po3mip 3epen

0,0005 e
6,9 7 7,1 7,2 7,3 7,4 7,5 7,6 7,7
IinbHICTD, I/CM3

Pucynox 3.15 — B3aeM03B’ 30K Mk IIUTBHICTIO Ta PO3MIPOM 3€peH B CIICUYCHIN

npecosii st marepianiB PolyPOM8740 ta Catamold8740
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Po3mip 3epen pepury, Mkm Po3mip 3epeH depury, MKM
a o

a—30xB;6—120xB
Pucynok 3.16 — BruiuB yacy 130TepMIYHOT BUTPUMKH TiJT 4ac CMIKaHHS MaTepiairy
Catamold8740 3a 1270°C 31 mBuakicTio HarpiBanHs 5°C/XB Ha pO3MOJILTY 3€peH
deputy
Ha pucynky 3.17 HaBeieHO MOPIBHSIIbHY XapaKTEPUCTUKY 3MIHU PO3MipiB PepuTy
B TeMIiepaTypH crikadHs s craieit Catamold8740 ta PolyPOMS8740.
3a temmneparypu crikanas 1270 °C, cranp Catamold8740 mae npaktuyno 25 %
depury i3 cepenaHiM po3mipoM 22-25 MKM. 30UIBIIEHHS TeMIIepaTypH CIIIKaHHS [0
1340 °C npu3BOAWTH 10 BUPIBHIOBAHHS CEPEIHBOTO po3Mipy (epuTHHX (a3 po3MipoM
20-30 mxMm g0 6mu3bko 18%. CrioctepiraeThes 30UTbIIIEHHS BMICTY 3epeH Bix 11 % 1o
21 % 3 po3mipom MeHIIe 15 MKkmM
N pocmigaux crainet mMapku PolyPOM8740 croctepira€Tbesi MpOTUIICKHA
3aJICKHICTh, @ caMme 30UIBIICHHS TEMIIEPaTypPH CIIKAaHHS MPU3BOAUTH JI0 30UIBIIICHHS
po3mipy 3epeH po3mipom 20 — 40 mxm Ha 10 %. 3miHa po3Mipy 3epeH 3a OJTHAKOBHX
yMmoB cmikanHs craieir PolyPOM8740 1 Catamold8740, 3ymoBieHa pisHUM pO3MipOM
3epeH BUXiAHUX TopomikiB. J{ist mopormikoBoi cymitri PolyPOM 8740 cepenniit po3mip
JacTHHOK ckiamae 2,13 MkMm, a mug cram Catamold8740 — 2,94mkxMm. 3a paxyHOK
BUKOPHUCTAHHA JPIOHINIMX TIOPOIIKIB, SKI MAalOTh BHUIIY TMOBEPXHEBY CHEPTIIO
BiMOYBa€ThCSA aKTHUBAIlisl TPOICCIB CINIKaHHA 3a HWKYMX Temneparyp. [lin miero

MeXaHi3MiB MTOBEPXHEBO1 U y3ii BiOYBAEThCSI AKTUBHUH PICT 3€PEH.
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a, 6 — 1270°C, mBuakicth HarpiBanus 2°C/xB; 6, ¢ — 1340°C, mBUAKICTh HarpiBaHHS

Pucynok 3.17 —BmmB temnepaTtypu criikanis matepiaiiB Catamold8740 (a, 6) Ta

PolyPOM 8740 (s, 2) Ha po3moiii 3epeH (heputy 3a po3Mipamu

MikpoctpykTypa crnedenux craneir PolyPOMS8740 1 Catamold8740 wmaroth

nepIiTo-PepuTHY CTPYKTYpY 3 BMICTOM TiepitiTHOI dazu 50-60 %

Ha pucynky 3.18 moka3aHO SK 3MIHIOETBCS yJapHa B’S3KICTh MarepiajiB

PolyPOMS8740 i Catamold8740 B 3anexHOCTI Bill 3MiHHM IIBHIKOCTI HarpiBaHHS 1

TEMIEepaTypH CITiKaHHS.
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I - Catamold8740

I - PolyPOM8740

Sl 15,94
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5 10,39
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1-1270 °C, 2 °C/xB; 2 — 1340 °C, 5 °C/xB
Pucynok 3.18 — YaapHa B’s3kicTh, Bu3HaueHa 3a MetoaoM Lllapmi (3pa3ku 3
HajpizoM) st MmatepiainiB PolyPOMS8740 ta Catamold8740 micist criikaHHs 3a

PI3HHUX TeMIEepaTyp 3 4acoM BUTPUMKH 30 XB Ta Pi3HOIO MIBUJIKICTIO HArpiBaHHS

Ax BuaHO 3 pucyHky 3.18 30iibIIeHHs MBUAKOCTI HarpiBanHs Big 2°C/XB 110
5°C/xB Ta temnepatypu crikanHsa Bix 1270°C no 1340°C chpuse migBUILCHHIO
yAapHOI B’SI3KOCTI 000X MaTepiaiB.

[Tinx yac mocmimpKeHHs 0YJ10 BCTAHOBJICHO, 1110 30UTBIIEHHS IIIBUIKOCTI HArpiBaHHS
B niana3oni Temmeparyp Big 600°C mo 1270 °C matepiany Catamold8740, cmpusie
3HIDKEHHIO HEOTHOPITHOCTI PO3IOALTY TTOP 10 00’ €My Ta OUTBII TOBHOTO IMPOXOKEHHS
nporieciB (hOpMyBaHHS CTPYKTYpU. BIUIMB MIBHIKOCTI HarpiBaHHS Ha MIKPOCTPYKTYPY

CTaJIiii HaBEICHO Ha PUCYHKY 3.19.
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‘WD=16.2mm 20.00kV  x250 ‘WD=16.0mm 20.00cV ~ x250

a o

a — WBUAKICTh HarpiBy 2 °C/XB.; 6 — BUAKICTH HarpiBy 5 °C/XB.
Pucynok 3.19 — Mikpoctpykrtypa crani Catamold8740 otpumaHoi criikaHHAM 32

1270°C npotsirom 30 XB Ta pi3HOIO MBUAKICTIO HArpiBy [50]

Byno BcranoBneHo, 1o 31 30UIbIIEHHSM Temmiepatypu HarpiBy Bin 2°C/xB. 10
5°C/xB  MIKpOCTpYKTypa IMOpOIIKOBOTO CIUIABy T'OMOTEHI3YEThCS 32 PaxyHOK
MPUTHIYEHHS] yCaaKu 3a HHU3BKUX Temreparypax. Lle mpusBoguth n0 (opMyBaHHS
BEJIMKO1 KUTPKOCTI KOHTAKTIB MK YaCTHHKaMH, 3HW)KCHHIO HEOJHOPITHOCTI YCaIKH Ta
iHTeHcudikarii cruiaBoyTBopeHHs [50].

['00BHOIO MPUYMHOIO YTBOpEHHS Mop 3 po3mipamu a0 20-30 MKM mig 4ac
CHIKaHHA CYMIIIl TOPOIIKIB € JIOKAJIbHO HEOIHOPIIHE YUIUIbHEHHs, OOyMOBJIECHE
XIMIYHOIO HEOJHOPIMHICTIO BUXITHOI CyMiIi, 1 MEpII 3a BCE KPYMHUMH PO3MipaMu

YaCTUHOK TMOPOIIIKY 13 JITaTyp.

3.3.2 BnuiuB nmapamMeTpiB crikaHHs Ha nopucrticts Mmarepianis IJITI

MexaHiuHl BJIaCTHBOCTI IOPOIIKOBUX CTaJied 3ajekaThb HE TUIBKA  Bif
MIKPOCTPYKTYPH MaTPHIIi, @ TAKOXK BiJl pO3MIpy, pPO3MOALTY Ta Mopdosorii mop. 3aranom,
MTOPUCTICTh 3HIDKYE MEXaHIUHI BIACTUBOCTI criedeHuX craneit. s marepianis IJIIT

MpUTAMaHHA 3aKPUTA 3AJUIIKOBA MOPUCTICTH Bix 2% 105 %. [lopu BucTynaioTs y poi
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KOHIIEHTPATOPIB HAIIPYKEHb I1]] Yac HABaHTaXeHb. [ eoMeTpist Hopu Moxe OyTH onucaHa
po3MipoM Ta ii hOpMOI0; OPIEHTALIIEIO Ta TUTIOM JIOKAJIBHOTO PO3MOALTY y MaTepiani [51].
Jis chepruyHMX YaCTUHOK TOPOIIKIB BIUIMB iX pO3MIPIB Ha MEXaHIYHI
BJIACTUBOCTI BHM3HAYA€THCS OCOOJMBOCTSAMHU  YKJIAAKM T 4Yac I1HXKEKLIMHOro
(dopmyBaHHs. 31 3MEHIIEHHSIM PO3MIPY YaCTMHOK IMOPOIIKIB 30UIBIIYETHCS MJIOMIA X
MOBEPXHI 1, BIAMOBIIHO, KUIBKICTh MDDKYACTUHHUX KOHTAKTIB MiJl Yac MPEeCyBaHHS, TOMY
MIIHICTh HECTIEYeHUX NPecoBOK 3pocrtac. CdepudHi YaCTMHKA MOXYTh BKJIQJATHCS
pi3HUM criocoboM. Bin Buay ykiiaaku 3ajeXuTh BeJTMUrHa 1 (hopMa op MiXK HUMHU.

3 METOI0 BHBYEHHS BIUIMBY T'PaHYJIOMETPHUYHOTO CKIaJy TMOPOIIKIB Ta yMOB
CHIKaHHA Ha 3aJIMIIKOBY MOPUCTICTh, MaTepianiB Catamold 8740 ta PolyPOMS8740 Oyio
NPOBEICHO KIIBKICHUM MeTanorpadiyHuii aHami3 MIKpONILTihiB OTpUMAaHUX 3 PI3HOIO
IMIBUJKICTIO HArpiBy; TEMIIEPATYPOIO Ta BUTPUMKOIO TT1J1 Yac CIIKaHHS.

Ha pucynky 3.20 mpenctaBieHO MIKPOCTPYKTypa HEMPOTPABICHOI MOBEPXHI
marepiairy Catamold8740 3 Butpumkoro 30xB Ta 120XB npu MakcUMaibHii TeMIeparypi
1270°C ta mBuakocti HarpiBadag 5 °C/xB. J[ns Hao4HOCTI HA pUCYHKY 3.20 BHUIUICHO
3aJTUIIKOBY TOPHUCTICTH MICHs CIIKaHHA. AHami3 OyJio TpoBeneHo B mporpami Imagel
1.48V National Institute of Health.

Ha pucynky 3.21 npexacraBineHa rictorpamMa posnojuly Hop 3a iX IUIOMIE0 JUIs
matepiany Catamold8740 B 3ayexHocTi Bijg yacy BuTpuMk# (30 xB ta 120 xB). Ak BUAHO,
3pa3ku 3 yacoM BUTpUMKH 30 XB MarOTh 3HAYHO OUIBIITY KUTBKICTH APiOHUX TOp 10 1
MKMZ. 31 30UIbLIEHHAM Yacy CITIKaHHs, PpiOHI MOPH, K IPABKIIO, 3HMKAIOTh, IPOTE BEJIUKI
HE 3MIHIOIOTBCSI a00 HaBiTh 30UTBIITYIOThCA Y po3mipax. Lle cBiAUMTH PO MPOTIKAHHS

MIPOIIECY KOAJIECIIECHIIIT IOp, 110 HE CYIPOBOIKYETHCS YCATKOIO, K MTPABUIIO.



81

WD=16.0mm 20.00kV  x250 WD=16.0mm 20.00kV  x250

0 e
a, 8, 0 —uac ButpuMku 30 XB; 0, 2, e —4ac BUTpUMKHU 120 xB
Pucynox 3.20 — MikpocTpyKTypa MaTepiarry OTpUMAaHOTO i3 CyMillli TOPOIITKiB

Catamold8740 micns cniikanss npu Temneparypi 1270 °C, mBUIKICTh HarpiBaHHS

5 °C/xB



82

TpimMHM y MOPOIIKOBUX MaTepiaiax PO3MOBCIODKYIOTHCS Bl OJHIET MOpU 10

iHIoi. ToMy 3MEHIIEHHs iX PO3MIpPIB, KUIBKOCTI Ta 30UIBIIEHHS BIACTaHI MIX HUMH,

ITIOBUHHO

HaBaHTA)KCHB ).
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Pucynok 3.21 — I'ictorpama po3nozity mop 3a iX IUIOIIEIO JAJIsi MaTepialy

Catamold8740 3 pizaum yacom BuTpuMkH (30 Ta 120xB)

Ha pucynky 3.22 mnpencraBieHO MIKPOCTPYKTYPH HETPABICHOI ITOBEPXHIi

Mmatepiary Catamold8740 3 mBuakictio HarpiBy 5°C/xB ta 2°C/XB mpu MaKCHUMaJIbHIH

temmneparypi 1270°C ta yacom BuTpuMku 30 XB.
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a, 8, 0 — MBHUIKICTh HarpiBy 5°C/XB.; 0, ¢, e — MBUAKICTh HarpiBy 2°C/XB.
Pucynox 3.22— MikpoctpykTypa Matepiany Catamold8740 micns crikanHs ipu
temmneparypi 1270 °C, gac Butpumku 30 xB.

Ha pucynky 3.23 mpexacraBineHa rictorpaMa po3nofiry Mop 3a iX IUIOMIE0 Ui

marepiany Catamold8740 B 3anexHocTi Bif mBuaKocTi HarpiBy S°C/xB. Ta 2°C/XB.
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Pucynok 3.23 — I'ictorpama po3noaity mop 3a iX IUIOLIEIO JJIsl MaTepiay

Catamold8740 3 yacom BuTpuMKH i yac crmikaHas 120xB Ta 30xB

[TingBuIICHHS TBUAKOCTI HArpiBy 3a0e3reuye OUIbII OJHOPIIHY MIKPOCTPYKTYPY
CTaJIl Ta pIBHOMIPHHUM po3mo i1 rop. Lle Moxke OyTH 3yMOBJIEHO THM, IIIO ITiJT 4aC BUCOKOT
IIBUJIKOCTI HArpiBYy BAAETHCS 3HU3UTH BEJIMUHUHY MTOBEPXHEBO1 MH(y31i Ha paHHIX eTarax
CHiKaHHS Ta 30UTBIIMTH BKJIaa 00’eMHOI nuy3ii JIeryBajJbHUX €JIEMEHTIB 32 BUCOKUX
TEMITEPaTyP.

Ha pucynky 3.24 npencraBieHO MIKpO3HIMKH HETPABJICHOT TIOBEPXHI MaTepiary
Catamold8740 3 pizHoto Temnepatyporo cmikanag 1270°C ta 1340°C, 31 MIBHIKICTIO
HarpiBy 5°C/xB Ta yacom BUTpUMKH 30XB.

Ha pucynky 3.25 mokazaHo po3mojiTy Mop 3a iX IUIOMICI0 BiMOBITHO J0 Pi3HOT

TeMIIepaTypu CIIKaHHS.
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20.00kV  x250

e

0 e
Pucynox 3.24 — Mikpoctpyktypa matepiany Catamold8740 micns criikanHs
npu tremneparypi 1270 °C (a, 6, 0) Ta 1340 °C (6, ¢, e)
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Pucynok 3.25 — I'icrorpama po3mno/iity mop 3a iX IJIOLIEIo I MaTepiary

Catamold8740 3a pi3HHX TeMrepaTyp CIiKaHHS

Ha pucynky 3.26 npeacraBieHa ricrorpaMa posnojuly Hop 3a iX IUIOIIE JUis

marepiairy Catamold8740 ta PolyPOM&740.
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62
a0
50 B PolyPOMET40
40 Catamold8740
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[Tnomma mop, MEM®

Pucynox 3.26 — I'ictorpama po3noainy mop 3a ix moiero ais marepiani Catamold

8740 ta PolyPOM 8740 micns crikanus 3a remriepatypu 1340°C npotsrom 30 xB

Ha pucynky 3.27 mnpenctaBlieHO MIKPO3HIMKH HETPABJICHOT TOBEPXHI s
Mmatepiary Catamold8740 ta PolyPOM 8740 3 omHakoBUMHU pEKMMaMH CIIKaHHS:

temnepatypoto crikadss 1340°C; mBuakicTio HarpiBy 5°C/xB.; uacom BUuTpuMkn 30XB.
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Pucynok 3.27 — Mikpoctpyktypa matepiany Catamold8740 (a, 6, 0) Ta MmaTepiany
PolyPOMS8740 (6, e, e) micns crikarns 3a Temrneparypu 1340°C mpotsrom 30 xB
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Cnin 3a3HauutH, mo marepian PolyPOM8740 Bimpi3HsS€ThCS 3HAUHO MEHIITUM
BiZICOTKOBUM BMicTOM Mamux 1op (10 0,5MKkM?), a TaKOK 3HAYHOIO Bapiallicro po3MipiB
nop.

Kpim Toro, sixk mokazano Ha pucysky 3.28 (1340°C 5°C/xs.; 30xB.), ajs matepiany
PolyPOMS&740, na Bigminy Bim Catamold8740, xapakrtepHa okpyria ¢opma mop, 1o
CBIIUUTH MPO MPOTIKAHHS CIIKaHHA 3a AUQY3IMHO B’SI3KMM MEXaHI3MOM, IIBUAKICTH
SIKOTO 3HA4YHO OUTbIIAa Yy TMPECOBOK 3 MEHIIMM PO3MIPOM YaCTHHOK TMOPOIIKY, SIK1
(OpMyIOTh TpaHMINl 3€peH, TOYHINIE PO3Tay’KeHY CITKY TpaHHUIlb 3€PeH, NUISIXIB

3€pPHOTPAaHUYHOTO TIEPEHECCHHS MACH.

20.00kV  x1.00k 20.00kV  x1.00k

a 4]

L ’

N * Q
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a, 6 —marepian PolyPOM 8740; 6, 2 — Catamold 8740
Pucynok 3.28 — MikpocTpykTtypa Ta Mopdotoris mop (x1000)
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Ha pucynky 3.29 npencraBiieHo aHai3 OKpYyTJIOCTI IO, K1 33 CBOEIO MONEPEUHOI0
wiowero 6inbmie 1 Mxm? a1 matepianis PolyPOM 8740 ta Catamold 8740. KoedinienT

OKPYTJIOCTI PO3PAXOBYETHCS 3a (OPMYJIOIO:

ae A — mio1a nepepisy nopu;

P — nmepumerp nopu.

SIkmio 3HayeHHs Koe(illeHTYy IOPIBHIOE OJMHMIIN, MOpa MpeAcTaBise o000
ineanbHy cepy. [lpu HabGnMKeHHI JAHOTO MapaMeTpy 10 HyJIsl, Opa BUIOBXKYEThCS Yy
OJTHOMY 13 HaIPSIMKIB.

100
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a0
= 80
70 62
E &0 B Catamold8 740
g 50 PolyPOMS740
£ 40
;i ig 1 16
= 10 3 5 5

0 0 1
0 [
0,2 0,4 0,6 0,8 1

KoedieHT oKpyIIocTl

Pucynox 3.29 — Anani3 okpyriocTi op st marepiany PolyPOM 8740 ta

Catamold8740 (mopw, ki 3a miomiero Ginpie Hix 1MrM?)

Sk BumHO 3 pucyHKy 3.29, mist marepiany PolyPOMS8740 xapakTepHi niepeBakxHO
chepuuni mopu (okpyri mopu 3 koedimieaTom Oimbire 0,8 cTaHoBIATE 94% BCiX TIOP,
OinbInmx 3a 1MKM?).

VY 3B’13Kky 3 THM, IO TOPH MOXYTh BHUCTYNATH Yy SIKOCTI KOHIICHTPATOPIB
HanpyXeHb IMiJ] 4YaC MEXaHIYHMX HaBaHTaXXEHb, iX (opma Ta PO3MIPH BIAIrPAIOTh

BaXxIMBY posib Juist MmarepianmiB UJIIT. Skmio HampyskeHHS, 110 BUHHUKAIOTh IiJ] 4ac
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HABaHTAXCHHSI 3pazka Martepiaity, Oulblile IeBHOI BenuunHu (HanpyxkeHHs ['pidditca),
TO CTBOPIOIOTHCS YMOBH ISl PO3MOBCIOPKEHHSI KPUXKOi TpiluHU. JloCATHEHHS TaKoi
KPUTUYHOI BEIMYMHM MOXKE BIAOYBaTHCh MPU BIJHOCHO HEBEJIMKHX 3HAYEHHSX
NPUKIIAJICHUX HampyXeHb. Lle O0OyMOBIIOETBCS THM, IIO NpPU HAsIBHOCTI Yy 3pa3Kax
MaTepiaty TPIIMHA a00 HaJpi3y CTBOPIOETHCS KOHILIEHTPALllsl HANPYKEHb MPH BEPLIMHI

nedexry[47]:

s, =28 f

1€ Spnax — JOKAJIbHE HATIPY KEHHSI PU BEPIITUHI KOHIIEHTpaTopa, MIla;
S — cepe/Hs BeJTMUMHA PO3TATYHOUYHMX HanpyxkeHHs, MI1a;
¢ — TMOMHA TPIUHY (TTOJIOBUHA i1 JIOBXKUHU), MM;

I — pajilyC KpUBU3HU NPU BEPIINHI TPIITUHH, MM.

[Ticnst crmikanus y Marepianmy PolyPOMS8740 mopu MaroTh OUIBIIMIA PO3KHU 3a
po3mipamu 1 okpyTiy popmy, Ha BiamiHy Bij Catamold8740, 110 mo3uTUBHO BILIMBAE HA
IBUIIICHHS yIapHOI B’ S3KOCTI.

3 MEeTOI BH3HAUEHHS BIUIMBY TEMIIEpaTypH CITIKaHHS Ha JIHIHHY ycaakKy Ta
yaapHy B’s3kicTh Matepiany Catamold8740 (mns nBox pi3HHUX MapTii) Ta MaTepiany
PolyPOMS8740, npoBeneHo AeKiIbKa AOCTIAIB 3 PI3HOI KIHIIEBOIO TEMIIEPATYpPOIO

crikanHs. [Tapamerpu criikaHHs HaBeaeHO B Tabymii 3.6.

Tabmuus 3.6— [lapameTpu criikaHHS

Ne Temmnepatypa, °C [lBrKicTs HarpisanHs, Burpumka, xB.
°C/xB.
1 600 120
2 800 30
3 1050 5°C/xB. 30
4 1200 30
5 1340 30
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VYnapHa B’a3kicTh BU3HaueHa 3a MetojoM lllapmi Ha 3paskax 6e3 Hampizy 3
po3mipamu: Smm X 10mMm x 55mm 3rigno JACTY 3669-97.
3HaueHHs YCaJKM Ta YJApHOi B’S3KOCTI 3pa3KiB HaBEAEHO Ha Tpadiky

(puc.3.30).

22 130
20 120 1. Catamaold
2740, ia l=l
e 18 HO “ n:',,rcap,r:?:lmﬂ )
' 100 E :
5 16 = — } Catamald
&2 a0 = 8740, napria le2
= 14 m {ycanka)
E 80 ) 3. Poly PO
:E 12 70 ? 8740, (ycanka)
= =
60 7
E 10 o ===-- 1. Catamold
E g 50 ] B740, napTia
= 40 E Nl (yOoapHa B ASHICTE)
2] T mmea- 2, Catamold
30 740, napma Hel,
4 P11 (YAapHa B'AIMICTE)
2 = 3. PalyPOM
10 740, (vnapha
Q 0 B AZKICTE )

600°C 200°Cc 1050°C 1200°C 1340°C

Pucynok 3.30 — BrtuB TeMriepaTypu CIiKaHHS Ha yCaJIKy Ta yIapHY B’SI3KICTh

matepianiB Catamold 8740 Ta PolyPOM 8740

Ak MoxHa moMiTHTH 3 PUCYHKY 3.30, ymapHa B’S3KICTh CIIEYECHOTO MaTepiaiy
PI3KO 301IBIITYETHCS 31 30UIBIICHHSM 00’ €MHOI yCaaku Ta TeMreparypu. s craneit
PolyPOMS8740 nmopisusino 3 Catamold8740 ycaaka 3a remneparypu Buiie 1050°C mae
THIIMI XapaKTep 3MiHU, IO 3yMOBIICHO PI3HUM TPaHyJIOMETPUYHUM CKJIaI0M BUX1THOT
muxT. [pioHi mopomiku PolyPOMS8740 mMaroTh O1IbITy TOBEPXHEBY €HEPTIIO, IO Y
CBOIO 4epry, iHTeHCU(IKY€ MPOIECH CIIKaHHS 32 HIHKUUX TeMIiepaTyp. burbin apiOHi
MOPOIIKK yTBOPIOIOTH OUTBINTY KIJIBKICTh M1 YaCTHHHHUX KOHTAKTiB Ha BCiX CTaJisX
crnikanHs. Po3mip mop npuOIM3HO 3aMUIIAETHCS TaKAM, SK 1 PO3MIP YaCTHHOK
MOPOIIKY, a KOHTAKTH MDK YaCTMHKAMU TOPOIIKY 30UTBIIYIOTHCA 3a IUIONICI0 Ta
MILHICTIO. B pe3ynbrari 3pocTae ynapHa B’S3KICTh, SIK 32 PaxyHOK 3MEHIICHHS

po3Mipy mHoOp, SK TpIIMHONOMIOHMX Je(deKTiB, Tak 1 PpoOOTH pyHHYBaHHS
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MDKYaCTMHHUX KOHTAKTiB. BiporijHo Ha cTajii NpUKIHIEBOIO CIIKaHHS Bi10YyBa€ThCA
BUTICHEHHS JIOMIIIOK Ha IMOBEPXHI NMOpPU Ta TPAHMIl 3€pEeH, IO 1 MPU3BOJUTH 10
3HMKEHHSA y1apHOI B 3KOCT1, OCKUIBKHM Ha T'PaHULl PO3IOALTY TyTrOIlJIaBKI HEMETaJeBl
BKJIFOUEHHSI, UM BKJIFOUEHHS IHTEPMETATIAIB € TAKOXK TPIIMHO-TIOAIOHUMU AeEKTaMH.

OkpiM TOro TMOBEpPXHsS CIEYEHOro MaTepiany, SK MpaBUIO TOKPUTA
MOBEPXHEBUMH MOpaMH, TOOTO, HaJapi3aMu. BenuunHa MOBEpXHEBHUX MOpP 3aJIE€KUThH
BIJl pO3MipYy YaCTUHOK BUX1HOTO MOPOIIKY. Came TOMY TPIIIMHOCTIAKICTh CIIEYEHOTO
Mmarepiany 3 nopoikiB PolyPOM8740 nmoBuHHA OyTH BHIIOKO 32 TPIIIUHOCTIUKICTH

crieueHoro marepiany Catamold8740.

3.4 BucHoBku 10 po3aiiay 3

B xox1 nocniiixkeHHs BCTaHOBIICHO, 1110 roporiku Catamold8740 ta PolyPOM&740
CYTTEBO BIJIPI3HAIOTHCS 32 TPAHYJIOMETPUYHHUM CKJIAJIOM Ta CEPEIHIA pO3MIp YaCTHHOK
nopoiky PolyPOM8740 menmmii Hixk y Catamold8740. Anani3 peHTreHorpaM MmoKasas
BIZICYTHICTh MIKPO HaIpyeHb JIJIs1 000X BUX1IHUX ITOPOIIIKIB.

BcraHoBiieHO BENWKY KiTBKICTh JIOKATHHUX JEPEKTIB y CIEYCHHUX CTasax. Sk
MOKa3aB  JIOKAIBHUN  MIKPOPEHTETHOCHEKTPAJbHUM  XIMIYHMH  aHall3, Taki
HEOJHOPITHOCTI € BKJIIOYEHHSIMH OKCHUJIB KpeMHit0. OKCHIHA IUIiBKa Ha MOBEPXHI
gacTHHOK mopoiky Fe—Si Giokye mudy3ii KpemHil0 y GEepUTHY MATPHUIIO 1 MOXE
IPU3BOJIUTH 0 YTBOPEHHS Ae(EKTIB, 110 MPEACTARISIIOTh COO0I0 YaCTUHKH JITraTypu
BIJIJIICHI BiJl IPECOBKH KPYITHOIO TTOPOFO.

Bcranosneno, mo 301abIeHHS IBUAKOCTI HarpiBaHHs Bijx 2°C/xB 1o 5°C/XB Ta
temrieparypu croikadHs Bix 1270°C mo 1340°C chnpusie MiABUINEHHIO YIapHOT
B’SI3KOCTI MaTepialy, IO TMOB’S3aHO 3 BIJACYTHICTIO JIOKAJIbHO-HEOIHOPIAHOTO

VIIUTBHEHHS] HABKOJIO YaCTHHOK TMOPOIIKY JITaTypH 3aj1i30-KpEeMHIi.
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4 BIIVIUB I'PAHYJIOMETPUYHOTI'O CKJVIALY TA TEMIIEPATYPH
CIHIKAHHA BUXIIHOTI'O ITIOPOLIKY HA 3A/IMIIKOBI MIKPO- 1
MAKPOHAIIPYKEHHS MATEPIAJIY CIIEHEHUX [TIPECOBKAX

[TopomikoBa MeTanyprisi B TpaJUIliiiHOMYy BUKOHAHHI 3aCHOBaHa Ha OJTHOBICHOMY
NPEeCyBaHHI MOPOILIKIB TMepel CIIKaHHSAM, a B CYYaCHOMY BapiaHTi BcCe€ OUIbIIE
3aCTOCOBYETHCSI (pOpMyBaHHS BUPOOIB HEOOX1AHOT (DOPMH THKEKIIMHUM MeToaoM [ 1-2].
[Ipu onHOBICHOMY HaBaHTaKEHHI TUCK MPECYBaHHs KOJMUBAEThCs B Mexkax Bin 0.3 — 0,8
['Tla, a B ilKEKIIHTHOMY METO/1 CIIIKaHHSI MOPOIIKOBA CyMilll BOPUCKYETHCS B (hOpMy i
tuckoMm 60 — 120 MTIla. CtucHeHHs OPOIIIKY BUKJIMKAE MEPErpyITyBaHHs 1 nedopmariito
HOr0 YaCTHHOK, SIKa CYTTEBO 3AJICKHUTH BiJl (DOPMHU ITUX YACTHHOK. YACTHMHKH TOPOIIIKIB
3aj1i3a MaroTh JIBl MPUHIUIIOBO pi3HI (OpMU: CHEepUUHI YACTUHKHU, OTPUMAaH1 MEePEBasKHO
PO3MUIICHHSIM MOPOIIKY Ta3aMH (200 KapOOHUTPHHM METOJIOM) 1 YACTHHKH 13 CKJIaTHOIO
MOp(hOJIOTIE€r0 TTOBEPXHI, OTPUMaHI PO3MUIICHHIM MOPOIIKIB BOI00. Pi3Ha Mopdosoris
MOBEPXHI YaCTHHOK BHU3HAYa€ OOJACTI KOHTAKTY MDK YacTUHKaMU Ta (popMyBaHHS
MEPEIINIKIB, SKi 3yMOBIIOIOTh MEXaHI3MHU TIEPEHOCY Marepiajly NpH BiIHOBICHHI Ta
crikanHi [52-54]. Ha moBepXHi 4aCTHHOK IMOPOIIKIB 3aJ1i3a, sIK 1 0araTh0X 1HIINX METaTiB
YTBOPIOIOTHCS IIApH OKCUIIB, @ KUCEHB MMPUCYTHIHN 1 B 00’ €M1 YaCTUHOK. SIKIIIO KHUCEHB HE
BUIQIIATH, 111 TOMIIIIKK MOXKYTh YTBOPIOBATH IIPOCTI Ta CKJIATHI OKCHAM (mmminei). Jleski
3 X OKCHJIIB MAaIOTh MIKIIOIIMHHI BifcTaHi 01m3bKi Fea - has3m, cTiiiki 10 JoCSIrHeHHS
3BUYANHOT TemnepaTypu crikaHHs 3ami3Hux nopomkiB 1050° C — 1350 °C. YTBopeHHs
nonatkoBux ¢pazoBux koMroHeHTiB (JIDK) BinOyBaeThes mepeBayKHO HA TPAHUIIAX 3€PEH
ab0 cy03epeH, ICTOTHO 3MIHIOIOTh CTPYKTYPY Ta MIIHICTh CIICYEHUX CTAJIEBUX BUPOOIB 32
paxyHOK OJIOKYBaHHSI pocTy Fe 4yacTHHOK Mpu CHiKaHHI, BUKIMKAIOTH iX IedopMariiro,
30UTBIITYIOTh KUTBKICTB JEEKTIB, POPMYIOTH 3aIMIIIKOBI HANIPYKEHHS y BHpoOax [55-57].

TakuM YMHOM TOYATKOBUI TpOIEC CIIKAHHS, SKAW BHU3HA4Ya€ (POpPMYBaHHS
3aJIMITKOBUX HAMpYXXeHh B MaTepiajgi MOKHA YMOBHO PO3IUINTA HA JBa €Tallu:
BUIAJICHHS KUCHIO B YaCTHHKAX 3aJ1i3a Ta X 3pOCTaHHS Ha OCHOBI YTBOPEHHSI TIEPETIINIKIB

MDK HUMHU.
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VY naHomy po3auIl BUMIPIOBAIM PO3MIP 3aJUIIKOBUX HANpPY>KEHb Ha PECOBKAX 3
pI3HUM CHIBBIAHOIIEHHSAM po3MmipiB mnopouikiB: 70%P10-30%P100; 6 — 50%P10-
50%P100; ¢ — 30%P10-70%P100 (P10- xapGoHinbhe 3amizo, P100 — IDDKP2.200.26,
po3mipoM 100 MkMm).

PenTreHiBchKkui aHali3 CIEUEHUX 3a JIBOMA PEKMMaMU 3pa3KiB TOKa3aB, IO
3auIIKoBl HampykeHHs: (3H) 3MIHIOIOTBCA 13 3MIHOIO TPaHYJIOMETPUYHOTO CKJIaay
noAi0HO MpH CHIKaHHI 3a pi3HUX TemnepaTyp. MoxHa BigmiTuTH Havimenun 3H npu
ckinanl nopoukiB 50 mac.%P10/50 mac.%P100 1 3nauni npu cmikandi 100 mac.%
MOPOIIKY KapOoHLIBbHOTO 3aiiza (puc.4.l a ta 6). Jlemo HKYl 11 HAMPYKEHHS MPU

BUCOKIH TemrepaTypi CIIiKaHHS 1 IIBUIKOCT] HarpiBaHHSI.

= 150 = 300
Eﬁ 2,
% 130 1250 °C ; 1340 °C
) / & 2007
£ 1104 1340 °C g - -
2 ) %‘ - ;— - 1250 °C
(E 901 gmo /
g 5
£ 704 2
=
: : : : : 0+— : : : :
100%, 70/30  50/50 30770 100% 100%, 70/30 50/50 30/70  100%,
5 MKM 100 MKkm 5 MKm 100 MKM
a 4]

Pucynok 4.1 — BrutuB po3MipiB TOPOIIIKIB 3aj1i3a HA BETUIHHY

MIKpPOHAIIPY>KEHb (@) Ta MAaKpOHAIPY>KEHb (6) B MaTepiaii CIEYCHHUX MPECOBOK 3aTi3a

[Tpu Bumiii Temnepatypi cikarns po3mip OKP GuibIiii 1 BiH Mae 0JTHAKOBY 3MiHY
31 3MIHOO TPaHYJIOMETPHYHOTO CKJIaly MOPOIIKIB (puc. 4.2).

binbmmit po3mip OKP criBniagae 3 mocaadieHHsIM IHTEHCUBHOCTI TUCIIOKAIIITHOTO
MacoIepeHoCy, TaK K BIITIOBIIa€ 3MCHIIICHHIO BUTBHUX JAUCIIOKAIliid. biloku iCHYIOTh B
JTMHAMIYHIA ~pIBHOBa3i, B fAKIM KOHKYypYIOTh TPOIECH TIOOYAOBH 1 PO3CHITY
TMCTIOKAIIMHUX TpaHuilb. MeTogamMu PEeHTreHO(pa30BOr0 aHai3y BCTAHOBIICHO, IO
3aJIMIITKOBI HATPY)KCHHSI 3HAYHO CHITBHIIIE 3aJIeKATh Bl TPAHYJIOMETPHYHOTO CKIATy

nopotiika npu crikanHi 1225°C, nix npu 1340°C (puc. 4.1).
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Pucynox 4.2 — BIuiMB BeJIMUMHU MOPOIIIKIB HA BEIMYMHY 00JIaCTe KOT€pPEeHTHOTO

PO3CIIOBaHHA MaTepialy MiCisl CIIKaHHS

Brim, 3HauenHs 3H 3anumaroThCsi BHCOKMMH 1 MPAKTHYHO OJHAKOBUMH IIPH
crikanHi 3a 1340°C, a npu crikanHi 1225°C € 3Haune (B 4 -6 pa3iB) 3MeHieHHs 3H mpu
ckiaai mopomkiB 50 mac.%P10/50 mac.% P100.

TakuM dYUHOM, BCTAHOBICHO, IO CIIKaHHSA TOJIAWCICPCHUX IOPOIIKIB
iHTeHCU(]IKY€E JTOKATIbHO-HEOAHOPIIHE VYIIUIBHEHHS, SIKE Y CBOIO 4Yepry CIpUUYHHSIE
30UIBIICHHST 00JIACTEH KOT€PEHTHOTO PO3CIFOBAHHS 1 3HATTS HANPYKEHb, 10 CyMapHO
IPU3BOJIUTH J0 3HIKEHHIO TU(Yy31HHOr0 MOTOKY aTOMIB B OUTBII KPYITHI B TIOPIBHSHHI 3

TIopaMHu JIOKaJIbHO-HEOTHOPITHUX 00JIaCTEH, IMOPH MTPECOBKH.

4.1 locnigkeHH BIUIMBY TIPAaHYJOMETPUYHOIO CKJAAYy TAa HANPYKEHO-
ne()OpMOBAHOTO CTAaHY HAa KIHETHMKY Npolecy YIIUIbHEHHS NPeCcOBOK MiJ 4ac

CIHiKAHHSA

VY xomi aHai3y HaMPyKEeHb, III0 BUHUKAIOTh B MaTepiajii MPeCOBaHOT 3arOTOBKH ITi/
Yac MUKIIYHOTO HArpiBaHHS Ta OXOJIODKEHHs, OyII0 BUSBICHO, IO IIi HAMPY>KEHHS

MOXYTb 6YTI/I K CTUCKAaKO4YHMMHU, TaK 1 PO3TATYIOUHMMH, JOCATAI0OYH 3HAYCHD Y z[eKiana
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COTeHb MeramnackaniB. Lle B3aemo/isi BU3Hayanacsi piIBHEM TUCKY IIiJ1 4ac MPECyBaHHs B
craneBux (opmax. Ilicast nporo OyB MpoOBEAEHUN aHAIII3 BILUIUBY TPAHYJIOMETPUUYHOIO
CKiagy Ta (ha30BOro NEPEeTBOPEHHS Ha KIHETUKY MPOLECY YUIUIBHEHHS I dYac
0e3nepepBHOro HarpiBaHHs B AUJIATOMETPI B YMOBAX BaKyyMy.

JluHaMika YHIUTBHEHHSI TOPOIIKOBUX MPECOBOK 3aJIEKHUTh Bl pAny (hakTopis,
TaKUX SK pPO3MIp YaCTHHOK TIOPOINKY, TPaHYJIOMETPHUYHHUIA CKJaJ, TeMIeparypa,
TPUBATICTh CIIKAHHS Ta MIBUJKICTh HarpiBaHHA. [1i yac BUBUYEHHS MpOLIECY CIIKAHHS B
YMOBax IWJIATOMETPUYHUX BUMPOOYBaHb CIOCTEPIrarOThCS OJHOYACHO SIK TPOIECH
HarpiBaHHs, IO TMPU3BOAATH JO 30UIBIICHHS PO3MIPIB MPECOBKU, TaK 1 MPOIECH
OXOJIOJDKEHHS, SIKI 3YMOBIIOIOTH ii 3MeHIeHHA. Kpim Toro, B mporieci ChiKaHHs
BiI0yBa€eThCS 3MiHA pOo3MIpiB uepe3 ¢a3zoBe neperBopenHs o-Fe B y-Fe. Po3mip mporo
¢ha30BOro NepeTBOPEHHS CTAHOBUTD 6-7% 00'eMy Ti/1 4ac HarpiBaHHS, OCKUIBKH 0-Fe Mae
OLK, tomi sk y-Fe mae I'lIK, 1mo npu3BoAUTh 10 3MEHIIEHHSA 00'€eMy MPECOBKHU IPH
temrepatypax 900-950°C [58].

VY nomatok 10 11k0ro, 3adhikCOBaHO SIK 30UIBIICHHS, TaK 1 CTUCHEHHS, K IMPaBUIIO,
BUKJIMKAHE YIIUTBHEHHSM ITPECOBAHOI 3arOTOBKHU Yepe3 MEePEMIIIeHHs aTOMIB 13 00'eMy
YaCTUHOK Ha MDKYACTHHHI MEPEXO0U, a TAKOXK 3 TPAHHUIIb 3€peH YU 00'eMy marepiaiy
YacTUHOK B mopax. Jlanuii (i3udHuil Mpoliec yIIibHEHHS BIIOYBa€ThCS 3a PaxXyHOK
3MEHIIIEHHSI TIOPUCTOCTI IIJISXOM IIOATOMHOTO IEPEMIIICHHsS MaTepiaay B 00JacTh
MDKYACTUHHUX TiepexojiiB Ta mop. OOuaBa Il mporecH BiaOyBarOThCS OJHOYACHO, 1
KOXKCH 3 HHMX BIUIMBAa€ Ha KIHETUKY 3MIHHM PO3MIpiB IIPECOBAHOI 3arOTOBKU 1 MPOIIECY
VIIUTBHEHHS, 10 TPU3BOUTH IO 3MEHIIICHHS TIOPUCTOCTI Ta YKPIIJICHHS MIXKYaCTHHHUAX
nepexomiB. 3 IIE€I0 METOI, 3pa3Ku MiJJaBajiuCs HENEPEpPBHOMY HArpiBaHHIO B
IUIaToMeTpl, 3 (ikcarfi€ro 3MiH iX TE€OMETPHUYHUX PO3MIpIB, 30KpemMa BUCOTH. byio
noOy/IOBAaHO 3aJIEKHICTh JIHHIMHOTO YIIIJIBHEHHS BiJl TEMIIEPaTypyd MpHU PI3HUX
IIBUIKOCTSIX HArpiBaHHS.

JlomaTkoBO, Uil BUBYEHHS BIUTMBY ()a30BOTO MEPETBOPEHHS HA MPOLEC yCAIKH
Oyma 3apeecTpoBaHa KpwBa 3MiHU PO3MIPIB K IMiJ] Yac HArpiBaHHS, TaK 1 Mia Yac
OXOJIOMKEeHHS. BusBIEHO, M0 pO3Mip YaCTUHOK Ma€ CYTTEBUI BIIMB HA KIHETHUKY

VIIUTBHEHHS TIPECOBOK. Y BHUMAAKY BETUKHX 4acTUHOK po3mipoM 100 mxm (puc. 4.3),
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Maibke BIZICYTHIM e(eKT yIIUIbHEHHS, CIIOCTEPIraeThes 3MiHa po3MipiB BcepeauHi 1%,
10 MOB'A3aHO 3 TEIUIOBUM PO3IIMPEHHSAM. PO3paxyHKHM CBig4aTh, 10 3MIHA PO3MIpIB
MIPECOBKHU BUCOTOIO 10 MM uepe3 TemIoBe po3MIMPEHHS M1/l Yac HarpiBaHHS 3aJIUILIAETHCS
B Mexax 1%. Takuii camuit po3Mip ycaJKu MOXKHA CIIOCTEpIraTH Ha pUCYHKY 4.3 i yac
MOCTIHOTO HArpiBaHHS MOPUCTUX MPECOBOK 13 29% MOPUCTICTIO, OTPUMAHUX 3 TOPOLIKIB
3 po3MipoM YacTUHOK 100 MKkM. 3MiHa PO3MIPIB 3aTHMIIAETHCS B Mexkax 1 %, 1110 103BOJIsIE
CTBEP/IKYBATH, 1110 CIIKAHHS 1 ycaJKka He Bi1I0yBatOTHCS.

CriikaHHSI HA MDDKYaCTUHHUX MEPEeX0Jax BUSABUIIOCS HE3HAUHUM, 1 3MIHA PO3MIpIB
BUHMKAE JIUIIIE BHACIIIJIOK TEIJIOBOTO PO3IIMPEHHS Ta CTUCHEHHS TIiJ1 Yac HarpiBaHHs Ta
OXOJIO/DKEHHS. ['paHyIOMETpUYHUIN CKIa[ MOIU(IKYBallM, J0JA0YU 10 MOPOLIKIB 13
cepenHiM po3mipom yactuHoK 100 mxMm (P100) nopomiku 13 cepeiHiM po3MipoM 5 MKM
(P10) y xutbkocti 30%, 50% Tta 70% 3a macoro. @opMyBaHHS CyMillIel TIPOBOIIIIN 3a
150 MTITa. [IpecoBku BUSIBUIIM BHIIY HIUTBHICTH HA 5-10% MOPIBHSAHO 13 IPECOBKaMH 13
gacTuHKamMu po3MipoM 100 MkM, mpubIU3HO 30€pirarour OJHAKOBE 3HAUSHHS JUIS PI3HUX

rpaHyJIOMETPUYHMX CKJIaAiB (B miana3zoni 32-39%).
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Pucynok 4.3 — BrutuB Temnieparypu Ha 3MiHY BHCOTH MIOPUCTHX IMPECOBOK
3 moporiki P100
BiamoBigHO 10 AUIaTOMETPUYHOrO aHajli3y, 30UIBIICHHS BMICTY IOPOIIKIB 3
pPO3MIPOM YacCTHHOK S5 MKM, MPHU3BOAWTH JO 3OUIBIICHHS BEIMYWHA YCAIKH

(puc. 4.3-4.7).
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Pucynok 4.4 — BB temniepaTypy Ha 3MiHY BUCOTH TIPECOBOK 13 CyMillll TOPOLIKIB

30 mac.% P10 ta 70 mac.% P100

Cywmiw 50%_Fe5mkm+50%_Fe100mMkm
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Pucynok 4.5 — BB TemmiepaTypy Ha 3MiHY BUCOTH TIPECOBOK 13 CYMIIIl IIOPOIIKIB

50 mac.% P10 ta 50 mac.% P100

JlonaTtkoBo, 31 30UTBIIEHHSM PI3HOMAHITHOCTI PO3MIPIB CIIOCTEPITa€THCS Bapiallis
Ta 3aKOHOMIPHICTh y 3MiHI pO3MipiB MpecoBoK. [lix 9ac 0XONOMKEeHHST YCI TPECOBKH
Maibke OJHAKOBO TPOXONATH TEperuH y 30H1 (hazoBoro meperBopeHHs o-Fe B y-Fe.

BaxmBo Big3HauMTH, IO TEMIIEpaTypa MOYATKY IbOTO IEPEruHy, 3POCTalOuu
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PI3HOMaHITHICTb, 3MIIIYEThCA B HANPSIMKY 3HIKEHHs Temmepatyp. Lle npusBoauts 10
pPO3IIUPEHHS]  TeMIEepaTypHOro aiama3oHy (¢aszoBoro mneperBopeHHs. [Ipoiec
OXOJIO/DKEHHSI Maiie Yy BCIX MPECOBOK 3 YycCIMa pI3HOPO3MIPHUMH MOPOIIKAMU
NPU3BOAUTH JI0 30UIBIIECHHS iXHIX PO3MIPIB, TOMAI SK IPECOBKH 13 HANIPIOHIIIMMHU
MOPOUIKAaMU BII3HAYAIOTHCSI 3SMEHIIEHHAM PO3MIPIB.

[Tin yac OXonOMKEHHS, KOJH Ie 3aJIMIIAEThCS BUCOKA Mudy3iiHA PYyXIIUBICTS,
(a3zoBe MEpeTBOPEHHS, 10 PO3MOYUHAETHCS, AKTUBYE MPOLEC YIIUIBHEHHS, 1 Mpolec
CIiKaHHS B1JIOYBa€ThCS 13 OUTBIIIO IHTEHCUBHICTIO, HIXK IT1]] Yac HarpiBaHHSI.

Cymiw 70%_Fe5Mkm+30%_Fe100Mkm
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-0.08

.
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PucyHok 4.6 - Brume TemriepaTypu Ha 3MiHYy BUCOTH TPECOBOK 13 CyMIIITi

70 mac.% P10 ta 30 mac.% P100

da3oBe MepeTBOPEHHS PO3rOPTAETHCS B MIMPIIIOMY TEMIIEPATYPHOMY JTiara3oHi y
MPECOBKaX 13 MOHOAUCIIEPCHUMH TOPOIIKAMH PO3MIPOM 5 MKM, 1 BOJHOYAC
CTIOCTEpITaeThCsl IHTEHCUBHE YIIUTbHEHHS 10 MoMeHTY 930-940 °C, To6T0 TemniepaTypu
noyatky ¢a3zoBoro neperBopeHHs. Haitbinpmmii eekt ycanku Ta HaABHUINA MBUAKICT
CTHIOCTEPITAIOThCS ISl TIOPOIIKIB 3 PO3MIPOM YaCTHHOK 5 MKM (puc. 4.7).

B3aemoniss mporieciB MacomepeHocy Ta (a30BOr0 TEPETBOPSHHS, Pa3oM 13
nepe0yI0BOI0  T'PaTKH, MPU3BOAUTH JO0 MiABHINEHHSA KoedimieHTiB mudys3ii i1

CIOCTEPIra€ThCs AKTUBI3AILIS MTpoliecy yiiubHeHHs. [1i1 yac mocTynmoBOro 0Xoa0KeHHs
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BIIOYBA€TbCA 3MEHIUEHHS PO3MIpiB, 110 OOYMOBJEHE TEPMIUHOIO  YCAIKOIO.

BceraHoBneHO, 110 TEpMIYHI HANpPYXEHHSA, BHUKJIMKAHI (DAa30BUM IEPETBOPEHHSIM Yy
MPECOBIIl, CHPUIIOTh AKTHBALIi MPOLECY CHIKaHHA MiJ 4ac oxoiopkeHHs. [lporec
CrikaHHS BiIOYBa€ThCS B yMOBaX CTUCKAIOUMX HAIPY>KE€Hb 1 CYHNPOBOIKYETHCS

TUQyY31HHIM IEPEHOCOM B MOPU MaTepiaty, 0 MPU3BOJUTH 10 OTPUMAHHS MPAKTUYHO

0e3nopUCTUX BUPOOIB 13 OPOIIIKY 3ajIi3a.
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kpusa 1 —HarpiBaHHs 31 mBUAKICTIO 7 °C/XB;
Kpuea 2 - HarpiBaHHs 31 mBuaKictio 15 °C/xB
Pucynok 4.7 — BrutuB Temniepatypu Ha 3MiHY BHCOTH TPECOBOK 13 3aJ113HOTO TTOPOIIIKY

P10 mig yac HarpiBaHHS Y BaKyyMmi

VY mpecoBlii HaNpy>KEeHHS MO>KYTh ITOYATH 1HIIIFOBATH MPOIIEC CITIKAHHS JIUIIIE TOII,
KOJIN YTBOPSITHCSI CTIMKI MIDKYaCTUHHI KOHTAKTH, 10 BKa3y€ HA HASBHICTH MIIHOTO
KOPCTKOTO KapKacy B MpecoBIli. be3 11boro kapkacy Oyib-sKi HapyKeHHs, BUKIUKaHI

($a30BUM MEPETBOPEHHSM UM TEPMIYHUM PO3IIUPEHHSIM, HE 3/1aTHI 3alTyCTUTH TPOIIEC

VIIUTEHEHHSI.
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4.2 BiiiuB (a3oBOro neperBOpeHHs] B MOPOLIKAX 3aJi3a Ha BeJIHYHMHY

HAIIPYKeHb B NPECOBUI i YaC CIiKAHHS.

B uncromy 3ai3i Ta MOPOIIKOBUX CILIABAX, 0 (POPMYIOTHCS 3 CyMIIII1 MOPOIIKIB
3aj1i3a Ta JErylouuX €JIEeMEHTIB, MOKe BiI0yBaTucs nepeTBopeHHs ¢azu o-3amiza i3 OLK
y (hazy y-3amiza 13 ['LIK pu Temneparypi 930 °C, 110 npu3BOAUTH A0 3MEHIIIEHHS 00'eMy
esleMeHTapHOoi rpatku Ha 17%. dazoBuil nepexin 31 3MiHOIO 00'eMy MOXe CHPUUYHHATU
3HAYHI Hamnpy>KeHHs B MaTepiai YaCTUHOK MOPOIIKOBOI MPECOBKH Ta BIUIMBATH Ha
IMIBUJKICTH 1 CTYIIHB YIIUTbHEHHS. TOMy B JaHOMY JOCII/DKEHH] IPOBEICHO aHaJIi3 3MIH
MIKpO- Ta MakpOHaNpy>KeHb B MaTepiaii npecoBku ToBUMHOW0O 100-120 mMxm mig yac
HeTepepBHOTO HArpiBaHHs B BUCOKOTEMIIEPATYpHIii PEeHTIeHIBChKIiM kamepi. PesynbraTu

JIOCITIKEeHb, MOKaApOBa 3iioMKa aedpakTorpaM HaBeeHa HA PUCYHKY 4.8.
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Pucynok 4.8 — "0-28" pentrenorpamu nopomikiB P10 (a) i poznonin Iq) mobmu3sy

{110} pedekca

Ho ocobmuBocteit po3noawtis Iqll B ymosax "in situ" (puc. 4.8) MO>KHa BiI3HAYUTH

HACTYIIHE:

— TIOCTYTIOBE 3POCTaHHS 3HAYEHb IHTEHCHBHOCTI MPOTATOM TEMIIEPATypPHOTO
niamazony Bix 20 °C go 400-500 °C, 3a siKuM cITiIye 3MEHIIICHHS TOOIN3y TeMIepaTypH
(ha30BOrO MEPETBOPEHHS;

— B iHTepBan temnepatyp 200400 °C 6ins BigouTkiB OLIK 3amiza 3'BIsIOTHCS
ik JIOK, sKi MOKyTh BIIITOBIIATH OKCHIAM 3a1i3a 9d JOMIIITKAM;

— 1pu temriepatypi Harpiy Buiie 400 °C BinOurts Bin JPK ne 3adikcoBano.
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B ymMoBax BUCOKOTEMIEpaTypHOI pEHTI€HIBCHKOI KaMepu 3 BUCOKUM BaKyyMOM
(~1077 MM PT.CT.), KM TeXHIYHO HEOOXiMHO 3a0€3MEUNTH MEPE] OYATKOM HArpiBy Ta
YTPUMYBAaTH MPOTATOM BCHOTO EKCIIEPUMEHTY, CIIOCTEpIraeThCsl OUIbII 1HTEHCUBHE
BUIUNIEHHs KUCHIO. Takox, y ux ymoBax, IOK nepebyBatoTh y HeCTaOLIBHUX CTaHaX 1
posnagatoThes npu miAirpiBandi Bume 400 °C. Ilpu 3actocyBaHHI pafialiifHOro
cnikanuga, DK, sxi Oynu chopmoBani B aianazoni temmeparyp 300-400 °C mpu
BiAMOBIAHIM TpuBaiocTi (20-30 XB), Takok MOXKyTh OyTH BigHOBIeHi. OfHak, MpH
6e3nepepBHOMY TiairpianHi npudausHo 10 400 °C, JIOK nocsraroTh cTaHy piBHOBArH 1
3aJTUIIAIOTHCS Y IIbOMY CTaHi 70 TemrepaTypu 0im3sko 900 °C. 3Mina mapameTpa rpaTku

3aj1i3a Mij] yac MocCJiJOBHOTO HArPiBY 1 OXOJIO/KEHHSI BiI0OpakeHa Ha PUCYHKY 4.9.

2.91- 3
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0 100 200 300 400 500 600 700 800
Temmeparypa, °C
[ — HarpiBaHHS; 2 — OXOJOJKEHHS; 3 — KOS(IIIEHT TEPMIYHOTO PO3IIUPEHHS
Pucynok 4.9 — 3mina napametpy rpatku nopoikiB P10 mig yac HarpiBaHHs Ta
OXOJIOJ[KCHHS
Tabnmmune 3HaueHHs KoedimieHTa TemmeparypHoro posmmpeHas (KTP)
MPAaKTUYHO 301Ta€ThCs 3 TapaMeTPOM rpatku mif yac HarpiBy. KTP BusBisieThcs MeHIITIM
I 9ac HarpiBy, HIXK ITiJT 9aC OXOJIOKCHHS, JUIS TTOCIiIOBHOTO HArpiBy 3pa3kiB y 1.17
paziB. KTP mopomky 3aimiza 3pocrae mpu mociimoBHoMy HarpiBi B 1.04 pasu, a mpu

0XOJIO/I>KeHH1 B 1.6 pa3u (mpu mBHIKOCTI oxonomkeHHs S0 °C/xB).
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VY nporeci oxonomxeHHs po3Mip OKP 1 BCix TeMrieparyp HarpiBy 3MEHIIY€EThCS
B MOPIBHSHHI 13 3HAYEHHSMU [IPU MaKCUMaJbHIA TemnepaTypl. 3MiHa MaKpOHAINPYKEHb
B Matepiai 3 pO3MIpOM 5 MKM IPH MOCITOBHOMY HArpiBi Ta OXOJIOMKEHH] BU3HAYAETHCS
3cyBOM pediiekciB. Bucoki 4MCIoBl 3HAYEHHS] MAKPOHAIIPYKEHb B TOYAaTKOBOMY CTaHi
MOPOLIKIB MOKYTh BUHHKATH Yepe3 PI3HUII0 y 00'eM1 TOBEPXHEBOTO OKHUCIEHOI'O Iapy
Ha pI3HUX KyTax BIAOUTTSA, IO MNPU3BOAMTH JO PIZHUX 3CYBIB IMX pedIeKciB.
[Tounnaroun 3 HarpiBanus 10 300 °C, BinOyBaeThcs criikaHHs 1 ieopMallisi YaCTUHOK,
Mo MOXe OyTH NPUYMHOIO 3aJIMIIKOBUX HampyxkeHb po3Tary (puc. 4.10). Ilpwu
OXOJIO/DKEHHI YacTKOBO CIEYEHOro TOPOUIKY 3aJMILIKOBI HAMpYy>KEHHS PO3TATY

BUSIBJISIIOTBHCS BULITUMM, HIXK M1/ yac HarpiBaHHA (puc. 4.10).

3anuLKoBi HanpPy)XeHHS CTUCHEHHS

o
o

3anuLIKOBI PO3TAryoYi HanpyXeHHs

!

Hedopmaris €,%
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00O NO O~ W
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0 100 200 300 400 500 600 700 800
Temnepartypa, °C
1 —HarpiBaHHS; 2 - OXOJIOJKCHHS
Pucynox 4.10 — 3mina MakpoHamnpyx)eHb B ioporikax P10 npu HerepepBHOMY
TIOCITITOBHOMY HArpiBi 1 OXOJIOKEHHI
Pucynox 4.11 BimoOpakae 3MiHy 3aJIMIIKOBUX MiKpOHAINPYXeHb B Marepiaii P10
M1 9ac mociigoBHoro HarpiBy a0 700 °C Tta oxonomkenHs g0 temneparypu 20 °C. Iin

Yyac HarpiBaHHs 3aJIMILIKOBI HAMPY>KEHHS IIBUIKO 3MEHIIYIOThCS 1 MPAKTHYHO HE
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3MIHIOIOTbCA I 4ac OXOJIOJUKEeHHS. [IpoBeneHHA MOCIIIOBHOIO OXOJOMKEHHS Ta
oTpuMaHHsl peHTreHorpaM (15-20 xB.) crpusie HAOMMKEHHIO CTPYKTYPH 3aJIMIIKOBUX
MIKpPOHAMNPY>KEHb /10 PIBHOBAXKHOI'O CTaHy. 3MIHA MIKPOHANPY>KEHb IiJ] Yyac HarpiBy Ta

oxonoxeHHs 10 20 °C mpeacraBiieHa OKPEMO AJI1 KOYKHOTO 3pa3Ka.

1

0.18 ++
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2 014 \

> \
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0 100 200 300 400 500 600 700 800
Temmeparypa , °C

1 — HarpiBaHHS; 2 — OXOJIOKCHHS
Pucynox 4.11 — 3miHa 3anumKoBUX MikpoHanpy>keHb B P10 ipu nociiioBHOMY Harpisi

110 700°C Tta oxomomkenHl 10 20°C

Maibxe Bci 3pa3Ku MarOTh MMO/II0H1 MIKpOHATIPY>KEHHS TICIIST 0XOJIOMKeHHS 110 20
°C, 3 pizaHuieto He Outbie 5%. OgHAK CIOCTEPIracThCsl BIAMIHHICTD MK 3HAYCHHSIMU
npu Temneparypax 600-700 °C ta 750-800°C. 300pakeHHs] MIKPOCTPYKTYpPH IMOPOLIKY
P10, orpumane BHACIIZIOK HarpiBaHHS y BUCOKOTEMITEPATYpHINA PEHTT€HIBCHKi KaMmepi,

HaBEJICHO Ha pUCYHKY 4.12.
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m WD

v mag b
0.00kV 5000 x  14.8 mm

Pucynox 4.12 — Jlinii koB3aHHS B YacTUHKaX rnopoiuky P10 micns

BHUCOKOTEMIICPATYPHHUX peHTI‘eHiBCBKI/IX IIOCJIiII)KGHB

Jlinii xoB3aHHS, BUKIMKaHI AeQOopMalisiMu, MPEACTaBlIeHI Ha PUCYHKY 4.12.
BUHUKHEHHS 1TUX JIIHIH TTOSCHIOETHCS THM, 1110 HarpiBaHHs mopoiky P10 npu3BoauTs 10
NEPEMIIICHHS. PEYOBMHU B 00JIaCTh KOHTAKTy MDK CHEpUYHMMH YacTUHKAMH, JIC
(GhOpMYIOTECSL TIEpElIMiKU. Y [HMX MepelriKkax JarjiaciBCbKUM THCK Jl€ Ha 00'eM
PEUOBHHHM, BHUKJIMKAIOUM TAHTEHLINHI HAMpPYKeHHS, SKI MPU3BOJATH O OOEpTaHHS
JacTUHOK mopoiKy. [Ipu mBHaKOMy pocTi 00'eMy KOHTaKTHOi 00JacTi OOMEKEHHs
o0epTaHb YaCTUHOK BHHMKA€ BHACTIJIOK TaJIbMYIOUOrO BIUIMBY CYCITHIX YacTHUHOK.
['anpmyBaHHS OO€pTaHb YAaCTUHOK TMPHU3BOJAUTH JO BHUHUKHEHHS TaHTCHIIMHUX
HanpyXeHb 1 nedopmalii, SK B Mepelrikax, Tak 1 B IPHWIETIMX 00'eMax YacTUHOK.
Jledopmartist 00'enHaHnX 00'€éMiB YaCTUHOK MPU3BOIUTH JI0 CKIIATHOHATIPYKEHOTO CTaHy
y criedeHux 3pas3kax. [louaTkoni 3navenns 3H y mopomrkax P10 mBHaKO 3MEHIITYIOTHCS
3 MIBUIIICHHAM TEMIIEPaTypH 1 3pOCTal0Th B 00JIACTI MOIIMOPGHOTO MePETBOPEHHS. Y
30HI 0~y TIEPETBOPEHHS MAaKPOHAINPYXECHHS B YACTHMHKAX MOPOIIKY XapaKTEPU3YIOThCS
BEJIMKMMH KOJIMBAHHSIMU 10 KPUCTATTOTPA(IUHUX TUTOIIIUHAX.

B pesynbrati mpoBeeHNX €KCIIEPUMEHTIB OyJio BU3HAUEHO, 10 B Mopomky P10
HACHITHOI TIIJTPHOCTI BiTHOBJICHHSI TIOBEPXHEBUX OKCHJIB BiIOYBAa€ThCS Y Jiana3oHi
(400450 °C). Ilpecorani mopomku P10 BuMararoTs 000B'I3KOBOT BUTPUMKH Ha I[bOMY
eTalli Py HU3bKIM TemMmepaTypi, 0 T03BOJISE 3MEHIIIMTH BMICT TIOBEPXHEBUX OKCH/IIB
3aii3a. Y BHUIAQAKY BiJICYTHOCTI Takoi BUTPUMKH MpH Oe3lepepBHOMY HarpiBaHHI 0

temneparypu 930°C, JOMIIIKOBI €IE€MEHTH YTBOPIOIOTH MPOCTI a00 CKIAAHI OKCHIU
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(mmineni). Bucoke 3HaYeHHS MUTOMOI MOBEPXHEBOI €HEPrii CHPUYUHSE CITIKAHHS
YAaCTUHOK, (DOpMYyBaHHs 3aKpPUTOI MOPUCTOCTI Ta 3MEHIUEHHS €PEKTHUBHOCTI MPOLECY
BiAHOBJEeHHs. [licns BimHOBNeHHs pu Temiieparypax 400°C 1 930°C makpoHaIpyeHHs
B nopomky P10 maibke inentuuni (6m3bko 300 MIla) 1 MOBEpXHEBOIO E€HEPrIEIO
gacTUHOK nopomikiB. [licis BimHoBeHHs 32 400 °C MiKpoHaANpyXeHHs MEHIIIE B 3 pasy,
a po3Mip 3epeH KpUcCTaliTy BUMi B 1,4 pa3u, HiX micas BinHoBieHHs npu 930 °C. Y
posnuieHoMy Boj10t0 nopoiky P100 BigHOBIIEHHS BIIOYBAEThCS €TallaMU 3 YTBOPEHHSIM
NPOMIKHUX OKCHJIHUX (ha3, KOHTPOJIbOBAHUX MpouecaMu AUQY3ii , fKi JIMITYyIOThCS
temrneparypamu (> 900 °C). 3anuiikoBi HanpyxeHHs B opoiky P100 3meniyroTbes, a
po3mip OKP 301ubI11yeThCA 31 30UTBIIEHHSM TEMIIEpaTypy BIAHOBJICHHSI.

BukopucranHs oTBepaKyBaua JUis 3B'3KM IMiJ] Yac TPECYBAHHS CTPUMYE
BIJTHOBJICHHS TOPOIIKIB OKCHUJY 3ai3a 32 paxyHOK yTBOpPEHHS (Di3UUHUX Oap'epiB, IO
3aBaKAIOTh BUAAJICHHIO MPOAYKTIB po3Maay, 1 MPU3BOAUTH 0 YTBOPEHHS HEOaKaHUX
¢azoBux KoMmmoHeHTIB. JlogaBaHHsa TBepAUX CHEpUYHUX MOPOIIKIB O MOPOIIKIB, SKI
PO3MMIIOIOTECST BOJIO0, CIIPUSIE CTBOPEHHIO Kapkacy, 110 yOepirae Il YaCTUHKHU BiA
pYHHYBaHHSI Ta 3MEHIIYE€ YTBOPEHHS (DI3UYHO 3aKpUTHX O0’€MIB IIiJI Yac MPEeCyBaHHSI.
OnrtumarnpHe 3MEHIIEHHS 3aIUIIKOBUX HAIIPYKEHb JOCITaeThecsl NpU BUKOpUcTaHH1 30-

70 mac.% npiOHUX MOPOIIIKIB.

4.3 BiiinB TeXHOJIOTIYHMX NMapaMeTpiB cnikanHs Ha ¢pakrorpadio cranei

VI

Ilix gyac BHUTOTOBIEHHS clledeHMX crtajiell 3a TexHosoricio IJII1 He MoXkImMBO
VHUKHYTH TUTIOBHX CTPYKTYpHUX Ae(ekTiB BUpoOiB. J[o ocHOBHUX ae(eKTiB MaTepiatiB
orpumanux 3a Ul wmoxxna BimHecTn aHcamOii T1Op, BHCOKAa TETEPOTEHHICTDH
MIKPOCTPYKTYPH, HasBHICTh MEX 3epeH. HasBHICTH TOro 4w iHmoro Ttuiy ae]exTiB
CTPYKTYpPH 3HIKYBATUMYTh MEXaHIYHI BJIACTUBOCTI CTaleH 32 PaXyHOK 3apO/KCHHS Ta
MOIIMPEHHSI TPIIIHH TIiJT Yac MPUKIATaHHsI HaBaHTaKeHHS. Buxomsau 3 mpobiaeMaTHKy
BKa3aHOi MpeAMETHOI 00JacTi, BaXJIMBHUM €TarioM JOCIiKCHb ITiJ] Yac PO3POOKH

MartepianiB 3a TexHomoriero IJIIT e anasi3 371amiB Ta BU3HAYEHHS] MEXaH13M1B PYyHYBaHHSI.
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[loBepxHi pyiinyBanHs MmarepianiB Catamold 8740 Ta PolyPOM8740 noka3aHo Ha
pucyHkax 4.13-4.15.

20.00kV _ x100

20.00kV _ x250

b RN

20.00kV  x1.00k 50, WD=16.6mm 20.00kV  x1.00k

a, 8, 0 — Catamold 8740; 6, 2, e — PolyPOMS8740
Pucynok 4.13 — ®@pakrorpadist moBepXxHi pyHHYBaHHS y 30H1 OIS «HAAPI3y» MICISA

ciikanns npu temmeparypi 1340°C (mBuakicts HarpiBanus 5°C/xB,

yac BUTpUMKH 30 xB)



a, 8, 0 — Catamold 8740; 6, 2, e — PolyPOMS8740

Pucynoxk 4.14 — ®pakrorpadis moBepxHi pyHHYBaHHS y 30HI «CEpPEAHHAY TICISA
criikanns npu temmeparypi 1340°C (mBuakicts HarpiBanus 5°C/xB,

yac BUTpUMKH 30 XB)
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20.00kV  x1.00k 20.00kV  x1.00k

e

WD=17.6mm 20.00kV _ x2.50k 20 20.00kV _ x2.50k

a, 8, 0 — Catamold 8740; 6, 2, e — PolyPOMS8740
Pucynok 4.15 — ®@pakrorpadis moBepXxHi pyHHYBaHHS y 30H1 «I0JIOMY TICIIA
ciikanns npu temmneparypi 1340°C (mBuakicts HarpiBanus 5°C/XB, 4ac BUTPUMKH

30 xB)
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BumMiproBanHs yapHOi B SI3KOCTI npoBoawian 3a Metogom [lapmi Ha 3pa3kax 3
HaapizoM. [loBepxH1 37mamiB MarOTh TUIOBUW B’S3KUH 37aM 3 TMPOSBAMH SIMKOBOTO
pyiinyBaHHs. [IpyCyTHI TakoX JIOKaJdbHI MPOSBU TPAHCKPUCTATIYHOTO 31amy. [HIIUM
BaXIMBUM JedexTtom cTpykTtypu miag 4dac IJIII € HEOAHOPIAHICTH CTPYKTYpPHUX
CKJIQJIOBHX sIKa BUHUKAE ITi]] Yac JIUTTS, Ta OKCUAM HA MIOBEPXHI METAJIIB Ta JIETYIOUUX
SK1 MAlOTh MIJBUILEHY CIIOPIIHEHICTh JO KUCHIO.

Ockinbky Oysi0 BCTAHOBJIEHO HAsBHICTh 3aJMILIKOBUX HANpPyEeHb B 30HI
MOJIMOP(PHOrO TMEPETBOPEHHS ISl MOPOIIKY SMKM, $Ki CIPHUSIIOTh 1HTEHCH]IKaIii
MIPOIIECIB CHIKAHHS MMiJl Yac OXOJIOKEHHs, OyJ0 BUPIIICHO IMPOBECTU JOCIIKCHHS
BIUIMBY LMKIIYHUX MPOLECIB HArpiBaHHS Ta OXOJIOJ)KEHHS Ha yJAapHYy B S3KICTh
Marepiany Catamold 8740.

Ha pucynky 4.16 300paxkeHo ¢pakrorpadito MOBEpXHI PYyHHYBaHHs 3pa3KiB

MICJIST CIIKAHHA.

I ; - PRa

20.00kV__ x10 20.00kV__ x100
a 4]

a — micas 1-ro nuKiy; 6 — micas 5-ro MUKy

Pucynok 4.16 — ®paxrorpadis moBepxHi pyiHHYBaHHS 3pa3KiB MICI CIIKAHHS

Sk MoxkHa TOOAYUTH 3 PUCYHKY 4.16, MIABUIICHHS Yacy 130Te€pMIYHOT BUTPUMKH
cCpusiec TIepexXoay BiJ B’S3KOr0 JO TMOBHICTIO KPHUXKOTO TPAHCKPHUCTATIYHOTO
PYHHYBaHHS, 1110 TIOB’S3aHO 31 3HAYHUM 3POCTaHHSIM po3Mipy 3epeH (3-4 6amm 3a JICTY

8972:2019).
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Ha pucynky 4.17 HaBeneHO 3MiHY LIUIBHOCTI Ta YAApHOI B’SI3KOCTI MaTepiaiy

Catamold 8740 3anexH0 Bl KUTBKOCTI IIUKJIIB CIIIKAHHSA.
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3 745 - - 3 —m— ycTuHa - 9 é
1 —O— YaapHa B'si3KiCTb -8 O
740 4 O TS
] 7,55 - 7
7,35 A—1— 6

KinbKicTb LMKNIB crikaHHs

Pucynok 4.17 — 3ajiexHiCTh MILTBHOCTI Ta YAAPHOI B SI3KOCTI BiJl KITbKOCT1 IIUKJIIB

CrikaHHA MaTepiany [46]

3aJIeKHICTh yAAPHOI B’SI3KOCTI B/l IIUIBHOCTI CIIEYEHUX 3pa3KiB ISl MaTepiainy

“Catamold 8740 300paxeno Ha puc. 4.18. 3arajioM xapakTep 3aJIe)KHOCTI yJIapHOT

B’SI3KOCTI BiJI IIUJIBHOCTI MOKHA OIUCATH MOJIHOMIAIBHOIO (DYHKITIEIO BUY:

1ie y — yJapHa B’s3KiCTh;

X — UIUIBHICTD 3pa3KiB;

y=A+Bx+ Bx?,

koedimientn: A = 8585,67 = 2225,36; B; =-2302,4 + 589; B, = 154,5 &+ 39.

14 156
~ g L]
313 126
X 1 -
=12 4
a 4
5 11 4
g ] 105,
™ 10 -
© | 9,37. )
g %]
>q 1 - B YpapHa B'A3KicTb
8 — 7,55.7 I noniHomianbHa iHTEpnonsuis
7 I L] I L] I L] I L] I 1
7,45 7,50 7,55 7,60 7,65

LLinbHicTb, ricm®

Pucynok 4.18 — 3anexHicTh yaapHoi B’s13K0CTI Bij muibHOCTI. KpuBa Ha rpadiky

npeacTaBIsge co00K MOMIHOMIaNEHY IHTEPIIONALIIO 3 J0CTOBipHicTIO R?=0.9885 [46]
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VYaapHa B’A3KICTh UyTJIMBAa HE JIMIIE JO 3aJUIIKOBOI MOPUCTOCTI, a ¥ 10
OJHOPIHOCTI 32 XIMIYHMM CKJIaJOM Ta CTpYKTypu. Ha siki BIUMBae TemmepaTypa Ta
TpUBAIICTh CrikaHHA. OCKUIbKM 30UIBIICHHS PO3MIPY 3€pEH TMICIS KOXKHOTO IUKITY
CHiKaHHS MPU3BOJHUTH JI0 CYTTEBOTO MOTIPIICHHS MEXaHIYHUX XapaKTEePUCTHUK, TO JUIA 1X
MOJPIOHEHHS Ta JOCSATHEHHS OJHOPIIHOCTI 3a pPO3MIpaMH, 3pa3Kd JI0AaTKOBO
M1/1/IaBaJIMCS rapTyBaHHIO 3 BIAIYCKOM. BcTaHOBJIEHO, 1110 10JJaTKOBA TEpMIYHA 00poOKa
3MeHIIye po3mip 3epen 10 12 6anis 3a JJCTY 8972:2019.

Ha pucynky 4.19 306paxeno ppakrorpadiro moBepxHi pyHHyBaHHS 3pa3KiB MicCIs
KOXKHOT'O ITUKJTY CITIKaHHS Ta TEPMOOOPOOKH.

Sx BumHO 3 puCyHKY 4.19, 31 30UIbLIEHHSM KUIBKOCTI LIMKIIIB, PO3MIP SMOK
B’SI3KOT0 PYWHYBAHHS MOMITHO 3pocTae. Takox 30UTBIIYEThCS TUIOMIA TPEOIHIIB MK
SIMKaMH, 110 CBITYUTH MPO 3MEHILIEHHSI KIJTbKOCTI KOHIIEHTPATOPIB Y BUIJISII 3AJTUIIIKOBOT
MOPHUCTOCTI.

30UIBIICHHS TPUBAIOCTI CIIKaHHS JO3BOJISIE HE JIUIIE 3HU3UTH 3arajbHy
MIOPHUCTICTh, ajie i SMIHUTH PopMy TIOpP, HAOTU3UTH ii 10 chepuunoi. TpuBa i30TepMidHi
BUTPUMKU TPHU3BOISATH JO 3HUKHEHHS JpIOHUX MOp Ta 3pOCTAHHS KPYIHHUX, IO
3HaXOJISIThCS BCEPEIMHI 3epeH MeTaiy [46].

OxpiM TOro, y BUMAJKY SIKIIO MPECOBKA MOPOIIKY MPEACTABIsIa COO0I0 CyMIIl
JIraTyp pi3HOTrO XIMIYHOTO CKJIa1y, BiTOYBa€THCS B3aEMHA AUQY3is JETYIOUNX CIIEMEHTIB
y HaBKOJIMIIHIO (eputHy MaTpuito. Lle 30umbTye MINHICTh QepuUTy Ta TOMOTEHIZye
(hazoBy CTPYKTYPY, 110 3MEHIITYE TPAHUIII PO3MOILTY.

3aiuIKoBa MOPUCTICTh € KIIOYOBHM TapaMETpoM, SIKMW BH3HAYAE MEXaHIYHI
XapaKTePUCTHKHU CIIEYCHUX CTasieil. MIIHICTh Ha pO3TAr, MOMAYJIb MPY>KHOCTI Ta
TBEPJICTD JIHIMHO 3aJIeKaTh BiJ] 3JIMIITKOBOI MOPUCTOCTI. B3a€EMO3B 130K MK yIapHOIO
B’SI3KICTIO, BTOMHOIO MIITHICTIO, BIJIHOCHUM BHJIOBXKCHHSM 1 3aJIUIIIKOBOIO TTOPUCTICTIO

Ma€ eKCTIOHCHITIATbHUM XapaKTep.



113

WD=15.4mm 20.00kV _ x500 20.00kV x300

20.00kV  x500

0 e

a — 1-# MK, 6 — 2-1 UK, 6 — 3-1 UKL, 2 — 4-H UK, O — 5-1 UKL, e — 6-1 UK
Pucynok 4.19 — ®@pakrorpadis moBepxHi pyiHHyBaHHS MICI ITUKIIYHOTO CITIKAHHS

Ta TePMOOOPOOKHU

Ha pucynky 4.20 mpeactaBieHO TOPIBHSHHS TOBEpXHI 37amMy  TICIs
TepMoOoOpoOKm: credenuit wmarepian Catamold8740 Ta cramp 40X (mpokar

rapsiaekatannii) ['OCT2590-88. Cramp 40X 3a cBOIM XIMIYHMM CKJIaJOM TOIiOHA 110
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Matepiany Catamold8740. Ilpote ciia 3a3HaunTH, 10 yaapHa B’s3KIicTh ctam 40X ass
3paskiB 3 HazapizoM 3a MeTofoM Illapmi ctanosuts Big 60 g0 70/Ix/cm?. TakuM uMHOM,
JaHUM TOKa3HUK 17151 cieueHoro Matepiainy Catamold8740 cknanae mute 10% - 15% Bin

aHAJIOTTYHOT 32 XIMIYHUM CKJIQJIOM CTaJli TapsiYeKaTaHOTO MPOKaTy.

WD=16.0mm

‘WD=16.0mm 20.00kV  x1.00

a, 6 — Catamold8740; 6, 2 — ctanp 40X

Pucynok 4.20 — ®paxrorpadis 3mamiB

Sx BumHO 3 pucyHky 4.20 oOujBa Marepiadw CYTTEBO BiIpPI3HSIOTHCS 32
XapakTepoM MmoBepxHi pyhHyBanHs. /[ matepiamy Catamold 8740 nputamanHa 3HaYHA
KUTBKICTh SIMOK, III0 € PE3yJIbTaTOM HasBHOCTI 3aJIUIIIKOBOI MOPHCTOCTI Ta OKCUIHUX

BKIKOYCHbD.
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Ha pucynky 4.21 300paxxeHo noBepxHi 3namy i Matepiany Catamold8740 ta

40X micas TepMooOpoOku npH 30utbiIeHH] X2500.

: |
-

i

WD;IG.Omm 20.00k x2.50k

a — Catamold8740; 6 — ctans 40X

Pucynok 4.21 — ®@pakrorpadist HoBEpXHI pyHHYBaHHS MICIs TEPMIYHOT 00pOOKH

Ha pucynky 4.21 MoOXHa TOMITHTH, IO OKPIM HAsSBHOCTI JAWMIUIIB B’SI3KOTO
pYHHYBaHHS, TIOBEPXHSI Ha TpeOIHIIX MDK JuMIUiaMu Uit marepiany Catamold8740
BUPI3HAETHCS OUTBIIIOI PUXJIICTIO HA BIAMIHY BiJl rapsuerpoKaTaHoi cTail, Ha sKii 4iTKO
BUJIHO TOCTP1 Kpai MiKpPOSIMOK.

Ile cBiguuTh TPO OUTBII SKICHI IJIACTUYHI BJIACTHBOCTI Matepiamy. MoxIHMBO
JOIYCTHTH, 10 MDK JaHUMH MaTepiajaMH, OKpiM KIJBbKOCTI KOHIIGHTPATOPIB iCHYE
PI3HUIII y BJIACTUBOCTAX CaMOi MaTpuWIill MeTaly, IO TOTpedye MOAaIbIIOro
JOCTiKeHHS. 30UTBIIEHHS] TUTACTUYHOCTI B MIKpPOOO’€Max CHEUEHOro Marepiaity
MOJIMBE IIIISIXOM JIETYBaHHS a00 MeXaHIYHOT OOpOOKH- BCEOIYHOTO CTHCHEHHS B

TiIpoCcTaTi YM ra30CTaTi.

4.4 BucHoBKH 110 po3ainy 4

BcranoBneHo, 1110 CriikaHHS MO TUCTIEPCHIUX MTOPOIIKIB 1HTEHCH(]IKYE TOKATEHO-

HEOHOPIIHE YIIUIbHEHHS, K€ y CBOIO Yepry CHpPHYMHSE 30UIbLICHHS oOnacTei
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KOT€PEHTHOI'O0 PO3CIIOBaHHS 1 3HATTA HANpyXeHb, L0 CYMapHO NPU3BOAUTH [0
3HIKEHHIO JTM(Y31HHOrO0 MOTOKY aTOMIB B OUIbII KPYHHI B MOPIBHSHHI 3 NOpaMH
JIOKAJIbHO-HEOAHOPIAHUX 001acTel, MOPU MPECOBKHU.

BceraHoBneHO, HasBHICTh 3QJIMIIKOBUX PO3TATYIOUMX HANpyXeHb B 30HI
MOJIMOP(HOr0 MEPETBOPEHHS AJIsl MOPOIIKY 5 MKM. HanpyskeHHsl, 110 BUHUKAIOTh Iij
Yac MpecyBaHHs, MOXKYTh 1HILIIOBATH MPOLEC CIIKAHHS JIMIIE MiCs YTBOPEHHS MILHUX
MDKYaCTMHHUX KOHTAKTIB, TOOTO TOi, KOJM MpecoBka (OpMye MIIHY Ta MKOPCTKY
KOHCTPYKLIO. SIKIIO bOro HE BiIOYBAETHCA, TO >KO/IHI HANIPY>KEHHS, HABITh BUKJIMKaHI
(a30BUM NEPETBOPEHHIM UM TEPMIYHUM PO3LIUPEHHSIM, HE MOXKYTh aKTUBYBATH NPOIIEC
KOHCOJIIAarl.

Bceranorieno, 1o 30UTbIIICHHS KITBKOCTI IUKJIIB CIIKAHHS CIIPUSIE TT1ABUIIICHHIO
IIUTBHOCTI Ta yJIapHOi B’s3KOCTI 3pa3kiB. [Ipoliec yuiiibHeHHsT B Martepiali MpPecoOBKU
IHTEHCU(IKYETHCS 32 PAXYHOK 30UIbIIICHHS HANPY>KEeHb MU OaraTokpaTHOMY (pa3oBomMy

TIepexo/I.
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5 BIIVIMB TEXHOJIOI'TYHUX TAPAMETPIB BUT'OTOBJIEHHS TA
TEPMIYHOI OBPOEKU HA MEXAHIYHI BJACTUBOCTI MATEPIAJIIB
Catamold 8740 Ta PolyPOM8740
5.1 BuiuB mapaMeTpiB CHIKaHHSI Ta Npouecy TePMOOOPOOKHM Ha YyAapHY

B'fI3KicTh cnieyeHux marepiaiais Catamold 8740 Ta PolyPOM8740

3 METOI0 BMBUYEHHSI BIUIMBY MapameTpiB TepMmiuHoi 00poOku (TO) Ha mexaHiuH1
BIACTHBOCTI  CIEUCHHWX CTaJlell, TMPOBEJACHO TapTyBaHHA 3pa3KiB Marepiairy
PolyPOMS&740 1 Catamold8740 3a mapameTrpamu HaBeAeHUMH Yy Po3aii 2.

Ha pucynky 5.1 mnoxazaHo MikpocTpykrypy MatepianiB Catamold8740 Ta
PolyPOM&8740 no ta micna TO. Sk BumHO, y crieueHux marepianiax PolyPOMS8740 i
Catamold8740, po3mip 3epeH 3HaXoauThes B Mexkax 5-6 6amis 3a JICTY ISO 643:2009,
TICJISt HACTYITHOTO TapTYBaHHS Ta BIIITYCKY CIIOCTEPIraeThCs IPiOHO3EPHUCTA CTPYKTYPa
copOiTy 3 po3Mipamu 3epeH, 110 Bianoigae 12-tu 6anam 3a JICTY ISO 643:2009.

Ha pucynky 5.2 300paxeHo ¢pakrorpadito MOBEpXOHb PYWHYBaHHS IS
marepianiB Catamold8740 (puc. 5.2 a, ) Ta PolyPOMS8740 (puc. 5.2 6, 2) micas TO.

[Ticnst mporiecy TepMiuHOi 0OpOOKH MOBEPXHS 371aMy, JUIsl 000X MarepiaiiB, Mae
XapakTep ApiOHO-IMKOBOro pyHHyBaHHS. BincyTHi ¢aceTku, mo XapakTepHi IS
KPUXKOT0 pyiiHYBaHHs. BaxximmBo Bim3HaunTH, 110 711 PolyPOMS8740 po3mipu 1iux sMOK
€ JpiOHIMMH, 10 MOXKE OYTH IIOB'S3aHO 3 HASBHICTIO OKCHIIB, SIKI BHCTYIIAIOTh
JOJTATKOBUMH KOHIIEHTPAaTOpaMHU Harpy>keHb. [TopiBHIOIOUH 31 3pa3KaMu ITICTIs CITIKaHHSA,
SIMKH B'SI3KOTO PYHHYBaHHS TICIISl TApTYBaHHS Ta BIAIMYCKY MalOTh MEHIITY TIIMOMHY, 1 HA
rpeOCHSAX CIOCTEPIraloThCS MIKPOSMKH, 110 BUHHUKIIA BHACHIOK YTBOPEHHS KapOimTHOI

dazn.
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6 2

a, 6 — Catamold8740; 6, e —PolyPOM 8740

Pucynok 5.1 — Mikpo3HIMKH MPOTPaBIEHUX MOBEPXOHB MICIISI CIIKAHHS 32
temmneparypu 1340°C ta mBuakicTio oxosokeHHs S°C/xB. 3 yacom 30xB. (a, 6)

ta micist TO (6, 2)

Ha pucynkax 5.3-5.4 mopiBHAHO BETUYMHU YJAPHOI B’SI3KOCTI MICIs CIIKaHHS

Ta TepMidHOi 00poOKu aisa matepianiB Catamold8740 ta PolyPOMS&740.



20.00kV  x250

ot

‘WD=17.5mm

a, 6 — Catamold 8740; 6, 2 — PolyPOM&740

Pucynok 5.2 — ®pakrorpadis moBepxHi pyHHyBaHHS MICISA TapTyBaHHS 1 BIIMYCKY

[TomiTHe 30umbIIEHHST yaapHOi B’s3KocTi miciss TO 3a pexumy CHIKaHHS, IO
nependayae HarpiB 31 mBUAKICTIO 5°C/xB 10 1340°C, Ta BuTpumKy 30 XB, 110 MOKHA
MOB’SI3aTH 3 PIBHOMIPHUM PO3TOIIJIOM JIETYIOUUX €JIEMEHTIB Ta HU3bKOIO MIOPUCTICTIO

Marepiairy.
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VapHa B's3kicTh, Jix/cm

1 2 3

YMOBH OTpUMAaHHS

1—-1270 °C,2°C/xs, 30 xB; 2 - 1270 °C, 2 °C/x8, 30 x8, (TO); 3 - 1340 °C,
5°C/xs, 30 xB; 4 — 1340 °C, 5 °C/xB (TO), 30 xB; 5 — 1340 °C, 5 °C/xB, 90 xB;
6 - 1340°C, 5 °C/xB (TO), 90 xB
Pucynok 5.3 — YnapHna B’s13kicThb 3a meroaom lapmi (3pa3ku 3 Haapi3oM) AJis

marepiany Catamold8740 micns ciikanss 1 TO

o -
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53 R
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- (S
DIRRIIKN
PERIIIILLLLY
DSIILKLLS
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hORRRRLLLEEY
XL
RS
0 ERRKRRES

‘YMOBH OTpUMaHHs
1-1270 °C,2°C/xs, 30xB; 2-1270 °C, 2 °C/x8 (TO),30 xB;
3—1340 °C, 5°C/xs, 30 xB; 4 — 1340 °C, 5 °C/xB (TO), 30 xB
Pucynok 5.4 — Y napna B’s3kicTh 32 MetogoM Illapmi (3pa3ku 3 Haapi3oM) MaTepiany

PolyPOMS8740 micns crikauus i TO

[Ticns cmikanHs Ha 3pa3kax 3 Marepiary Catamold8740 mogaTkoBO MpOBENECHO

Bianain 3a remneparypu 760°C npotarom 40 xB. [licns Bignasy nOpoBOIUIN TEPMIUHY
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00po6ky 3 Bukopuctanusm coiieit NaCl ta KCl, y kinbkocti 75 % 1 25%, BiANIOBIIHO.
Temneparypa ayctenizauii craHoBuia 850°C ta 870°C. 3pa3ku OXOJIOIKYBaIU Y
cenitpi Ta Mactuii 3a temneparypu 300°C ta 340°C, 3 yacom Butpumku 10 ta 20 XB.
Onmnepatiist BiANMYyCKY MPOBEAEHO y KaMepHid meui 3a temmepatyp 550 °C Tta 200 °C
npotsrom 1 rox.

XiMiyHUH cKJ1a] OyJ0 BUBHAYEHO HA aHaJIi3aToOpl XIMIYHOTO CKJIAy 32 METOJA0M
pentreniBebkoi  ¢uryopecuenuii  Expert 3L. IllinbHicTh 3pa3kiB  BHU3HAYalach
TiIPOCTAaTUYHUM 3Ba)KyBaHHSIM 3a CTaHAApTHOIO MeToaukoro. Ilicnms crmikaHHsa Ta
TepMOOOpPOOKHU OyJI0 MPOBEIEHO BUMIPIOBAHHS yAapHOI B si3k0cTi 32 MeToioM [llapmi
JCTY EN 10045-1:2006 3 V-nioai6ouumM Haapizom [9].

B Tabmui 5.1 monano ynapHy B’SI3KICTh Ta TBEPIICTb 3pa3KiB MICHs CHIKaHHS Ta

BITIAITY.

Tabmur 5.1— Y napHa B’SI3KICTb TICIIS CITIKAHHS Ta BiATATY

[Maprisa _
‘ VYnapHa B’s3KicTh, | TBepmicTs,
No [Tapametpu oTprmMaHHs Marepiainy
Jx/cm? HB
Catamold 8740

Nel 10,67

1 | Cnikanns (1340°C; 30 xB; 5 °C/xB.) 212
Ne2 11,52

5 | Crixarmst (1340°C; 30 x.; 5 °Clxe.); Nel 17,66 167170

Bigmain (760 °C; 40 xB.) No2 17,25

Sk BumHO 3 Tabnwii 5.1, yaapHa B A3KiCTh 3pa3KiB 3HAUHO 3pOCTAE MICIs BiAMATY
3aBISIKA HAOMIDKEHHIO CTPYKTYpH JI0 PIBHOBaYKHOTO TEPIITHO-(PEPUTHOTO cTaHy. Y
TaKOMY CTaHI Marepiajl Ma€ BIJHOCHO HHU3bKY MIIHICTh Ha PO3PUB, MPOTE BHUCOKY
TUTACTUYHICTh. EHeprisi po3MOBCIOKEHHS TPIMHKM HabaraTo OuIbIIa 32 E€HEPTiio
iHimiroBaHag nedekry. OmnHak, mpu TBEpAOCTI Marepiany Ha piBai 212 HB 1 Bucokii
MIITHOCTI, €HEprisi PO3MOBCIOJKCHHS TPIITMHU BUSABISETHCS HUKYOIO B TOPIBHSHHI 3
CHEpri€lo 1HIIIIOBaHHS, TOMY 3J1aM Ma€ KPUXKHHA XapaKTep 3 HU3BKOK YAapHOIO

B’ A3KICTIO.
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Ha pucynky 5.5 300paxkeno (pakrorpadiro MoBEepxHI 3j1aMy CIIEUEHUX 3pa3KiB

TICJISE TOCT1/PKEHHS Ha YJIapHY B SI3KICTh 3 HAJIPI30M.

20.00kV  x100

ar e - - \d : .
WD=16.2mm 20.00kV x500 100nm WD=16.3mm

Pucynok 5.5 — ®pakrorpadis 3namy 3pa3kiB Matepiany Catamold8740 micns criikaHHs

Sk BUAHO 3 PHUCYHKY 5.5, MOBEpXHS 37aMy TMpenCcTaBisge CO00I0 3MillaHy
CTPYKTYpPY B’SI3KOTO JPiOHO-SIMKOBOTO PYWHYBaHHS Ta KPUXKOTO TPAHCKPUCTAIIITHOTO
3nmaMy. BaxmBo BiI3HAUUTH, IO CTICYEHI 3pa3KH BIAPI3HAIOTHCS BiJl KOBAHUX MaTepialiB
THUM, 1[0 BOHH MAIOTh JIy’>K€ MaJTy IIACTHYHY JAeOpMallito 30BHINIHIX KPOMOK. 3 METOIO
BU3HAYCHHS BIUIMBY TMOBEPXHEBUX NeEKTIB HA yAapHY B’S3KICTH OyJIO TPOBENEHO
JOCHIKeHHST 0€3 Ha/Api3y micis Bimnamy. 3a yaapy kompa 50 JIx mocmimHi 3pa3ku He
JIAaMaJIUCh, IO BKa3ye Ha Te, 10 yJapHa B S3KICTh MaTepiany cTaHoBUTh > 100 Ix/cm?,

3 ypaxyBaHHSM TOTO, IO YyJapHa B’S3KICTh 3pa3kiB 0e3 Hampizy BHpoOCTa
MIPAKTHUYHO B 5 pa3iB, MOYKHA JIIMTH J0 BHCHOBKY IIOJI0 BUCOKOI YyTJIMBOCTI BKa3aHHMX

MOPOIITKOBUX CTaJliel 10 moBepxHeBUX aedekrtiB. He3Baxkarounm Ha BHCOKY EHEPTIIO
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YTBOPEHHS TPILIMH, TWICAS iX YTBOPEHHsS CHOCTEpIraeThCsl IHTEHCUBHUI pyX [0

pyVHYBaHHS.

Ha Bigmanenux 3pa3kax Micis CHIKaHHS OyJI0 MPOBEICHO TEPMIYHY OOpOOKY

IUIIXOM TapTyBaHHS y COJIAHIM BaHHI 3 HACTyNMHHMM BIAIyCKOM HpoTiroM 60 XB.

[lapameTpu TepmiuHOI O0OpOOKM, 3HAUEHHS YJapHOi B’S3KOCTI 3pa3KiB Ta TBEPIICTb

3BeICHO 70 Tabmwmi 5.2 [59].

Tabmuns 5.2 — VYnaapaa B’s3kicth Catamold8740 micns pi3HHUX PEKUMIB

TepMOOOpOOKH [59]
Hap A Sj)lapHa TBepaicTb,
Ne [apamerpu rapTyBaHHs marepiary B SBKICTE, | 1o
Catamold8740 | JIx/cm?
1 2 3 4 5
be3 Biamycky

| Temneparypa HarpiBy: 840 °C Nel 5,38 53-54
IapryBanns: cenitpa, 300 °C, BuTpumKa 5 XB. Ne2 4,84 55

) Temneparypa HarpiBy: 840 °C Nel 3.79 54-55
I"apryBanns: macno, 25°C, BUTprMKa 5 XB. No2 3.79 55-56

3 Temmneparypa HarpiBy: 840 °C Nel 7,75 54-55
I"apryBanns: cemitpa, 340 °C , Burpumka 10 xB. Ne2 7,75 54-55

4 Temmneparypa HarpiBy: 840 °C Nel 7,13 53-54
I"apryBanns: cemitpa, 340 °C, Butpumka 20 xB. Ne2 7,13 53-54

5 Temmneparypa HarpiBy: 870 °C Nel 4,84 53-54
I"apryBanns: cemitpa, 340 °C, Butpumka 10 xs. No2 4,84 53-54

6 Temmneparypa narpiBy: 870 °C Nel 4,84 53
I"apryBanns: cenitpa, 340 °C , Butpumka 20 xB. No2 4,84 53

Bimnyck: 550 °C , yac Butpumku 60 xB.

. Temneparypa Harpisy: 840 °C Nel 7,13 35-36
TapryBanms: cenitpa, 300 °C, BUTpUMKa 5 XB. No2 7,91 35-36

] Temmneparypa HarpiBy: 840 °C Nel 7,44 35-36
I"apryBanns: macno, 25°C, BUTpUMKa 5 XB. Ne2 7,6 35-36

9 Temnepatypa Harpiy: 840 °C Nel 7,75 35-36
IapryBanus: cenitpa, 340 °C, Butpumka 10 xs. No2 7,13 35-36

10 Temnepatypa Harpiy: 840 °C Nel 7,13 35-36
IapryBanus: cenitpa, 340 °C, Butpumka 20 xB. No2 7,15 35-36

1 Temnepatypa Harpiy: 870 °C Nel 7,75 35
I"apryBanns: cenitpa, 340 °C, Butpumka 10 XB. Ne2 7.75 36-37

12 Temnepatypa Harpiy: 870 °C Nel 7,75 35-36
I"apryBanns: cenitpa, 340 °C, Burpumka 20 XB. Ne2 7.75 35-36

Bigmyck: 200 °C, yac Butpumku 60 XB.

13 Temnepatypa HarpiBy: 840 °C Nel 6.2 50-51
I'apryBanns: cenitpa, 300 °C, BUTpuMKa 5 XB. Ne2 6.26 51-52

14 | Temmneparypa HarpiBy: 840 °C Nel 508 31-52
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[IpoposxenHs Tabauii 5.2
1 2 3 4 5
I"apryBanns: Macio, 25°C, BUTpUMKa 5 XB. Ne2 5.95 50-51
15 Temnepatypa narpisy: 840 °C Nel 5.99 51-52
IapryBanns: cenitpa, 340 °C, Burpumka 10 XB. N2 6.1 51-52
16 Temmieparypa HarpiBy: 840 °C Nel 6.24 51-52
IapryBanns: cenitpa, 340 °C, Butpumka 20 XB. Ne2 5.38 51-52
17 Temnepatypa narpisy: 870 °C Nel 5.03 51-52
I'apryBanns: cenitpa, 340 °C, Burpumka 10 xB. Ne2 4.84 51-52
18 Temmieparypa HarpiBy: 870 °C Nel 4.3 51-52
IapryBanns: cenitpa, 340 °C, Butpumka 20 xB. Ne2 4.84 51-52

Sk MOkHA MOMITUTH 3 TaOnMii 5.2, HaWKpallll MOKAa3HUKUA YAAPHOi B’S3KOCTI
CHOCTEpIraloThCsl Ha 3pa3Kax 3 HaJpi30M MICHsl FapTyBaHHS 3a TEMIIEpaTypuy ayCTeHI3alli
(840°C) Ta OXOJNIO/DKEHHS y CENITPl 3 TEMIEPATypOIO BUIIEC 32 TOYKY MapTEHCUTHOTO
neperBoperHst (340°C). lle no3Bossie oTpUMaTH CTPYKTYpy HIDKHBOTO OEHHITY, IO
3a0esneuye koMOiHyBaHHs 3Ha4HOI TBepaocTi (54 HRC) Ta BiTHOCHO BUCOKO1 yaapHOT
B s3k0cTi (7,75 Jlx/cM?). 3aranom MOKHA Bi3HAYMTH, IO BUCOKMIA Biamyck (550°C) 3
COpPOITHOIO CTPYKTYPOIO TTO3UTHBHO BIUIMBAE HA B’S3KICTh MaTepialy JJIs BCIX PEKUMIB
TepMiuHOi 00poOku. Ha pucyHky 5.6 300pakeHO MIKPOCTPYKTYpY Matepiainy Iicis

crikaHHA (puc.5.6 a) Ta rapryBanss 3 Biamyckom 550°C (puc.5.6 6).

@ — TICIIS CIIKaHHS;, 6 — MICTS TePMIYHOI 00pOOKH

Pucynox 5.6 — MikpoctpykTypa Matepiany Catamold 8740
[Ticna cmikanas martepian Catamold8740 mae mepeBakHO (HEepUTHO-TIEPITITHY
CTPYKTYpYy 3 po3mipom 3epHa 1o 4-5 OamiB. Hactymaa TepMooOpoOKa Mpu3BOAUTE 10

nopiOHeHHs 3epeH 10 12 GainiB. 3aquIIKOBa MOPUCTICTh y CHEYCHUX CTAJSAX CIYKHUTb
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3apOAKOM TIOBTOPHOI PpEKpHUCTami3alii, [0 JO03BOJSE OTPUMATH JPIOHO3EPHUCTY
CTPYKTYpY.

Ha pucynky 5.7 300pakeHO 371aMu Marepiaidy Iicias TEePMIYHOI OOpOOKU.
[ToBepxHs 37aMy Mae XapakTepHY ApiOHO-SIMKOBY CTPYKTYpy 3 TPOSBaMH B’SI3KOTO
pyiinyBanHs. Ha kpoMkax nedopmaliii COCTEpIraeThCsl BEIMKA KUIbKICTh MIKPOSIMOK

pYHHYBaHHS, 1110 BUHUKAIOTh TICIIs MOSBU KapOidiB.

WD=15.0mm 20.00kV  x2.50k

Pucynok 5.7 — @paxrorpadist moBepxHi pyHHYBaHHS MICIIA TapTyBaHHS Ta BIITYCKY

(550°C)

®da3u kapOiaiB, sIKI BUMANAIOTh MiJ] Yac BIAMYCKY BUKOHYIOTH poiib (a3, sKi
rajJbMYIOTh PyX JUCTIOKAIIIN Ta 3MIIHIOIOTh MaTPUITIO. B Tl ske yac kapOiau € IeHTpaMu
PO3pPUBIB MOHOTOHHOCTI TacTuyHOi Aedopmamii [60]. MoxHa NPUITYCTUTH, IO
OCHOBHMM (PaKTOpOM 30UTBIIEHHS YAApHOI B’S3KOCTI JUI TOPOIIKOBUX CTaje B
niamazoHi temnepatryp Biamycky 400-600°C e mokpaieHHs CTPYKTYpHOI Ta XIMIYHOT
OJTHOP1THOCTI MATPHIIi, B PE3YJIbTAaTI SIKOT 30UIBIITYETHCS PIBEHB IIACTUYHOI Aeopmartii
y TIOPOrOBOMY BHITQJKy PO3PHBY TMEPEIIMHKIB MK IyCTOTaMH, IO BiJIMOBiIa€E
pYHHYBaHHIO MaTepiary 3a B SI3KMM MEXaHI3MOM.

B Tabmmmi 5.3 HaBemeHo TBepmicTh mo Bikepcy 3paskiB s mMarepiany
Catamold8740 micns cmikaHHA Ta TepMidHOiI 00poOku. CrikaHHS TMPOBOIWIN 32

HACTYNHHX pekuMiB — Temreparypa 1270°C; gac Burpumku 120 XB.; IBUIKICTH HATPIBY

5°C/xs.
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Benukuil po3kua TBEpIOCTI MICs CHIKAHHS MOB'I3aHUM 3 ICHYBaHHAM JIBOX (a3:
(deputy Ta HEMEHTUTY. Y 3B’S3KY 3 IUIACTHYHICTIO (PepUTY, BUMIPIOBAHHS Ha 3pa3Kax
MICJIs CIIKaHHS MPOBOAMIKCH 32 HaBaHTaxxeHHs 100 .

Sk BuaHO 3 Tabnwuii 5.3, micis TepMOOOPOOKH TaKOXK ICHYE TPaI€HT TBEPIOCTI

BHACJTII0K (hOpMyBaHHs TreTeporeHHoi (Pa3oBoi CTPYKTYpH.

Tabmug 5.3 — MikpoTtBepaicth MaTepiany Catamold8740

.. MikpoTBepaicTb
Tlo3nayenns TGXI{OJ‘IOFI‘{HOI Teepsict, HRC KPHV P HVl
orepartii ol
Crikauss 146.1-292.3 -
Cuikanns + ' (rapstae B 310.5.389.7 390,05
130CTaTUYHE NPECYBAHHS) : ’ ’
Criikauns + TapTyBanss+ 35 HRC 369.2-500.4 434,70
BTy CK 28 HRC 307.4-396.5 348,63

5.2 PentreHocTpyKTYypHMid  aHaji3  marepiagiB  Catamold8740 Ta

PolyPOMS8740

PeHTreHiBchbKuil aHaNIi3 BUKOPUCTOBYETHCS IS BUHAUCHHS CKJIAly MaTepiaily
Ta CTPYKTYpPH PEUYOBHHH, BKIIOUAIOYH TPYIy €JIEMEHTapHOI KOMipkH (a3oBux
KOMITOHEHTIB, X po3MipH 1 popMy, a TaKOK BU3HAYATH IPyIy CUMETpii kpuctairy [61].
[lin yac mpoBeneHHs TpoleCy CIHiKaHHS TopolkiB 3 MartepiamiB Catamold8740 i
PolyPOMS8740 cmoctepiratoTbcsi TOMITHI 3MIHM B TIOJIOXKEHHI Ta PO3MOALTI
IHTEHCUBHOCTI Ha pEeHTreHorpamax sl QepuTHoi ¢das3u, sSKi MOKHA TMOPIBHATH 3
MOYaTKOBHUM CTaHOM (puc. 5.8).

AHamizyloun peHTreHorpamu, Big3HATI Big MarepianiB Catamold8740 ta
PolyPOMS8740 no Ta micins criikaHHs 32 IBOX PI3HUX PEXKHUMIB (IIBUKICTh HArPiBaHHS
- 5°C/xB, BuTpumka 3a temmeparypu 1340°C; mBuzakicte HarpiBanas 2°C/xB, i
BuTpuMKa 3a Temneparypu 1270°C) MoxHa TOOAYUTH PI3HUIIO Yy HIMPUHI MIKIB

IHTEHCHBHOCTI BiJI 3ami3a. Tak, micis CIKaHHsA, KoL, K02 JyOJIeT B Jaiarma3oHi
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115 -117 rpaa, BII3HATHI y MIAHOMY BUIPOMIHIOBAHHI, HE PO3IAUISETHCS HA IBI
cknanoBi. Ha peHTrenorpamax Takox 3aikcoBaHO 3MILIEHHS iKY 1HTEHCHUBHOCTI,
HalOUTbI BUpaxkeHe aiia matepiany PolyPOMS8740 [61].

JlonaTkoBuil TepMIYHMI BIUIMB, a came rapTyBaHHs 3a Ttemmeparypu 850°C i
oxoJiokeHHsI 10 Temreparypu 170°C mo pi3HOMY BIUIMBA€ Ha IMHPHHY PO3MOILITY
1HTEHCUBHOCTI B Aiama3oni 115 -117 rpan. na marepiany Catamold8740, Ha BiamMiHy
BiT PolyPOMS&740, anbda ayOrmer mpoaoBXKye 3aquIIaTUCh CYIUILHUM. BapTto
BIAMITUTH, IO MICAS TEPMIYHOI OOpPOOKM MOJOKEHHS MAKCUMYMIB IHTEHCHUBHOCTI

3HAXOJAHUTHCA HAa TUX KC KYTOBUX iHTepBaJIaX, 1o 1 B TOYAaTKOBHX JIMTHX 3pa3Kax [45]

PolyPOM

CATAMOLD

{310}

1 —mouarkoBuii ctan; 2 — 1270 °C.; 3 — 1340 °C;
4 —1340°C, 5°C/xB., TepmiuHa 00poOKa
Pucynok 5.8 —"0-28" penrrenorpamu Catamold8740 (a) i PolyPOM&740 (6) 3 mtomi

NIEPETUHIB 3pa3KiB MICIs PI3HUX 0OPOOOK

JIns po3paxyHKy 3anuiukoBux Hampyxkenb ( I Tta II poay) BUKOpHUCTOBYBaIH
dbopmynu, HaBenmeHi y Posminmi 2. ExcnepumeHTanbHO PO3paxOBYBAaBCSA 3CYB TIKIB
IHTEHCUBHOCTI 1t rTpaHed 3 opiedtamiero  {310}. BcranoBmeno, 110
MaKpOHANPYKEHHS CIICYCHUX MOPOITKOBUX MaTepiajiB AocAraTh 3HaueHb 1,4 ['Tla,
[0 B CBOK 4epry, Moxe OyTH NPUUYUHOI YTBOPEHHS Ne(eKkTiB B MaTepiaiax 1

HAacTynmHOro pyiiHyBaHHs. JlomaBanHsi omepaiii TepMiyHOT 0OpoOKHU crpusie
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3MEHILEHHIO PIBHS 3aJMIIKOBUX HAIPYKEHb U1l 000X Matepianis. [Ipore, 3 ornsiny Ha
TE, 110 HE BIAOYIOCh PO3AUICHHS Kql, K2 AyOseTy B MaTepiam Catamold8740, ue Bce
II€ CBIIYUTh IPO HASBHICTh 3AJMIIKOBHX MIKpOHAnpyXeHb. IIpore, Ha mupuHy
BIJIOUTKIB MO)X€ BIUIUBATH TAKOX PO3MIp 00JaCTEH KOTE€PEHTHOI'O PO3CIIOBAHHS 1
cHeplily HeOOX1IHO OLIHUTH iX BKJIaJ Y BEJIMUYMHY MIKPOHAINpPYXeHb. /{15 po3paxyHKy
B po00Ti BuKopucTaHo MeTona Binbsmcona — Xomna. Ha pucynky 5.9 nmoOyaoBano
3asieskHOCTI mupuHu BiaouTKie (FWHM) — Bix kyToBOro iX nosjoxenHs (puc. 5.9).
3anexxnocti FWHM - f{(0) mig wac cmikanHs wMarepianiB Catamold8740 1
PolyPOMS&740 (puc.5.9, a, 6, xpusi I, 2) nojiOHiI 1 HE MOHOTOHHI, III0 MOXe OyTH
OB S13aHO 3 BUTATHYTOIO (POPMOIO 00J1acTe KorepeHTHOro po3citoBaHHs. Ha pucynky 5.9
JIOIATKOBO TpoBeNeHO Binpi3ku (4-A, B-B 1 C-C), 5Kl ycepeaHIOTh OTpUMaHi
3aJIEKHOCTI 1 I03BOJISIIOTH BU3HAYUTH XapakTepHi po3mipu OKP npu nepeTuHi 3 Biccio
opnuHart. 3 pucyHKy 5.9 a 1 6 moxkHa orinuty po3ku OKP 3a po3mipamu, a 3 pucyHky 5.9 6
3MIHUBIIM XapaKTep 3aJIeKHOCTI 1 moOyAyBaBIIM i1 32 MeToa0oM BinbsiMmcona-Xosia
MO>kHa TpadidHO BU3HAUUTH T00YTOK £ X Cos6, sikuit BXonauth y popmyny CemnsikoBa-
[Ieppepa nis po3paxynky OKP [45].

BianoBinHo 10 mMpoBeAeHUX PO3paxyHKIB OyJIO BCTAHOBJICHO, IO BeJIWYMHA
OKP y matepiam Catamold8740 mig yac criikaHHS 3HaXOJUThCS B Jiana3oHi Big ~130
70 600 A i me 3MiHIOETBCA i3 3acTocyBaHHSAM TepMooOpoOKkH. Posmip OKP y
PolyPOMS8740 micns criikaHHS 3HAXOAUThCS B Mexkax Bij 130 mo 600 A, a nonarkoBa
orepallis rapTyBaHHs 1 Biamycky BupiBHIO€ po3mip OKP 1 BiH 3HaXOIUTHCS B MEXKax
450 A, ¢opma crae 61u3bkoI0 10 chepuunoi. Acumetpist po3mipis OKP o3Hauae, mo
MiJ] 9ac CHiKaHHS MOPOIIKOBUHN MaTepias nepedyBae y Hampy)keHo-1eQopMOBaHOMY
CTaHi, SIKUW HE 3HUKAE TICIISI OXOJIOKEHHS, TIPO IO CBIIYUThH HASIBHICTH 3JIUIITKOBHUX
HaIpy>KeHb. EKCrepuMeHTAIbHUI PO3PaXyHOK 3aJHIIKOBUX MIKPOHANPYXKEHb IS
opienTanii {310} mokasas, mo Tepmiuaa 00podka matepiany Catamold8740 3menmnye

ix mo pius 700 Mlla, a y Bumanky PolyPOM8740 no 60 MI1a.
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Pucynox 5.9 — 3anexxnocti mmpuan Binoutkis (FWHM) Bin kyTa BinOuTTS B

Catamold8740 (a) i PolyPOMS&740 (6), a Takox rpadik Binbsimcona — Xosa myist 000X

CIUIaBIB (8)

Buxopucrani mapameTpu TapTyBaHHA Ta BIANYCKYy Ui MarepiaiiB
Catamold8740 i PolyPOM8740 cripusitoTh 3HIKEHHIO 3aJTUIIKOBUX MAKPOHAIPYKECHb

y 7 pasiB. Y 3B’S3Ky 3 HAABHICTIO 3aJIUIIKOBUX MIKpOHAIPYXEHb y MaTepiail
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Catamold8740, na Biaminy Big PolyPOMS8740 po3Mmip 3epeH Bce e 3aJUIIAEThCS

aH130TpONHUM [45].

5.3 BunpoOyBanusi matepiauaiB IJII1 na po3rsar

Kpim ynapHoi B’A3KOCTI MaTepially, Ba)JIMBE 3HAYEHHS BIJIIrPA€ TPaHUYHA
MILIHICTh Ha PO3pUB. 3 METOI0 BU3HAYEHHS MEXAHIYHUX BIACTUBOCTEH CHEYEHHX
IIPECOBOK, OYJI0 MpoBeIeHO TecTyBaHHs 3pa3kiB Catamold Ta PolyPOM nHa po3puBHiii
MaIHHI.

JlocniaHi 3pa3kd BUTOTOBIsIM 13 crnedyeHux wmatepianiB Catamold8740 Ta
PolyPOMS8740 3a craHmapTHOIO METOAMKOK. 3pa3ku (IKCyBalMCS B 3aTHCKayvax
PO3PHBHOI MAIIWHHU, TICAS 4YOro MigAaBajucs Jii pO3TATYBaHHS JO MOMEHTY
pyiinyBanHs. Ciia 3ayBakWTH, IO TMiJ 4Yac MeXaHIYHOI OOpOOKM MOBEpXHEBA
MOPHUCTICTh 3MIHIOETHCS 1 CTPYKTypa MaTepiany HaOIMKaeThCsl Y TOBEPXHEBUX IIapax
710 TaKoi, sika popMyeThes i 9ac MpoKaTyBaHHsA. MOXIMBO, caMe TOMY 1 MeXaHI4HI
BractuBocTi  Mmarepiany  Catamold8740 craroTh BHIIMMH 32  MEXaHIYHI
xapaktepuctuku marepiany PolyPOME740, HaBiTh 3a HUKYOT IIUIBHOCTI B 00’ €Mi.

3a pe3ynbTaTaMu €KCIIEPUMEHTAIbHUX JOCIHIKEHb Ha PO3TAT 3pa3KiB PI3HOI
mrinpHOCTI Catamold8740 ta PolyPOMS8740, oTpumaHO miarpamMyd HampyKEHHs-
nedopmariist (puc. 5.10). OTpumaHi KpUBI JEMOHCTPYIOTH 3aJIEKHICTh MEXaHIYHUX
XapaKTEPUCTHUK MaTepiajiB Bij IIUIBHOCTI Ta TapaMeTpPiB CITIKaHHS.

Ha pucynky 5.11 mnoxazano mgiarpamy HampyKeHHs-Aedopmaris Ticis
rapTyBaHHS Ta BiAMycKy 3a temmnepatypu 550°C. BecranoBieHo, 10 1aHi MaTepiaiu
MalOTh CYyTT€BY Bapiallito rpaHUIll MIITHOCTI MICJIsI CIIIKaHHS, 1[0 MOKe OyTH OB’ 13aHO

3 pi3HUM (Pa30BHM CKJIAJIOM Ta PO3MIPOM 3€pEH.
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BinHOCHE BHIOBXKEHHA

Pucynok 5.10 — MexaHi4H1 BIacTUBOCTI Ha po3TsAT ajst MarepianiB PolyPOME740 ta

Catamold8740 3 pi3HOIO MIUTBHICTIO MICIIS CHIKaHHS

[Ticns BupiBHIOBaHHS (PA30BOTO CKJIAAy LUISXOM TEPMIUHOI 0OpOOKH, 3pa3Ku
MaloTh OJIHAKOB1 3HAUEHHS TPAHUYHOI MIIHOCTI, fIKa HE 3aJeXHUTh BIJl T'YCTUHU

Marepiany.
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BigHOCHE BHOOBXKCHHA

Pucynok 5.11 — MexaHi4Hi BJaCTUBOCTI Ha PO3TAT JIJIs CIICYCHUX CTAJICH

Catamold8740 ta PolyPOMS8740 3 pi3HOIO HIUTBHICTIO TICHSI TEPMiYHOT 0OPOOKH

BcranoBneno, mo 3HaYeHHS MIIHOCTI Ha PO3TAT TOPOIIKOBHX MaTepialliB
Catamold8740 Tta PolyPOMS8740, micns tepmiuaoi oOpoOKu, ONHM3bKI 0 aHAIOTY

koBaunoil crani 40 X 1 3Haxongarecst B Mexkax 1000 — 1100 MITa.
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5.4 I'apsiue i3ocraTnuHe npecyBanns (I'TII)

3 METO0 BHUBYCHHS BIUIMBY 3aJUIIKOBOI TOPUCTOCTI Ha YAapHY B’SI3KICTb
cneueHoro marepiany Catamold8740, mpoBeaeHO AOCHKEHHS OO0 MiBUIIICHHS
HIUTBHOCTI CIIEYEHHUX MaTepiaiiB METOJIOM rapsyoro i3ocratuuHoro npecysanns (I'I1).

Mikpoctpyktypa Matepiamy Catamold8740 no Ta micis mnpoeaenns [1I1
300pakeHa Ha pUCyHKY 5.12. Anaimi3 mikponutigis 3pa3kiB matepiany miciis ' nokasas
30UIBIICHHST pO3Mipy 3epHa Mertany 1o 4 - 5 6amiB (3rigHo JCTY ISO 643:2009).

[TpuumHOIO POCTY 3€peH € TpuBaja i30TepMiyHa BuTpumka mij yac 11

WD=16.2mm 20.00kV x100 > ‘WD=16.0mm 20.00kV x100

WD=16.2mm 20.00kV x1.00k 20.00kV x1.00k S0pum

a 4]

a — micis crika"Hs; 6 — micns oneparii '

Pucynok 5.12— MikpoctpykTypa matepiany Catamold8740
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[Ticna mOpiBHAHHA TBOX MIKPOCTPYKTYP MOKHA IOMITHTH 3MEHUIEHHS 3arajibHOl
KUIBKOCTI APIOHUX TOp, MPO LIO CBIAYUTH 3HAYHE 30UIBIIEHHSA ILIUIBHOCTI 3Pa3KiB.
CepeHs 1IBHICTB TecToBUX Aetasei micis [T cknana 7,812 r/cm®. BpaxoByroun, mo
3pasku KoBaHOi cram AISI 8740 MaroTh mIBHICTL 7.85 T/cM®, TeopeTUdHa 3aIMIIKOBa

nopucTicTh micist Il ctanoBUTS:

(%) = (1 — %) 100 = 0,484%.

[Ipore, sk BugHO 3 pUCYHKY 5.12 6, nns 3paskiB micis 'l xapakTepna 3HauHa
KUIBKICTh CTOPOHHIX BKJIFOUYEHbB, SIK1 HE IM1/IJIAI0THCS 130CTATUYHOMY CTUCHEHHIO.

Ha pucynky 5.13 Ttakoxx 300pakeHO XIMIYHHUM aHaII3 TAKUX BKIIOUYCHb.

Xim. BigcorkoBuii BMicT
CIEM- Nel  Ne2  Ne3 Neq
Si 568 0,16 0,17 0,16
Cr 0,11 0,1 0,05 0,11
Mn 0,23 0,0 0,07 0,18
Fe 93,77 99,59 99,63 99,32
Ni 0,0 0,0 0,0 0,0
Mo 0,22 0,16 0,08 0,13

Pucynok 5.13 — Jlokanbamii XiMiuamid aHasi3 Marepiary Catamold 8740 mics ' [62]

JlokanpHMIA XIMIYHUN aHaji3 TMOKa3ye, IO CTOPOHHI BKJIIOYEHHS MAIOTh
MBUIIIEHUHN BMICT KPEMHIIO Y MOPIBHSAHHI 13 HABKOJIMIIIHHOIO METAJIEBOIO MATPHIICIO.
[Ti yac BUTOTOBIECHHS KOHCTPYKIIMHUX MaTEPialliB 3 HU3HKOJIETOBAHUX CTaIeH
BUHUKAIOTh CKJIAJIHONII B OTPUMaHHI OJHOPIJHOTO 3a XIMIYHHUM CKJIaJOM BHPOOY.
OHOPIAHICTE PO3MOILIY JIETYIOUMX KOMITIOHEHTIB CYTTEBO BIUIMBA€ Ha KIHIICBI
XapaKTePUCTUKU MarepiajiB, 30KpeMa, MIIHICTh [62]. MIKpOTBEepaicTh 3pa3KiB

matepiany micis [T naBeneno y tabmwmmi 5.3.
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[Tin gac 'l matepian He 3HAYHO MiAMAETHCS BIUIMBY Aedopmaliii, 1 ycaaka
3HaxXoJuThcs B pAianaszodi 1,14-1,8%, 1 3aiexuTh BiA CKIAIHOCTI (HOPMHU CamMOTo
BUpoOy. Takuil po3kua 3HaYEHb YCaJKH MOTPIOHO BPaxOBYBaTH IMPU PO3PAXYHKY
PO3MIpY BUXIJTHOT BIUIMBKU JJIsl OTPUMAHHS JI€Tajl 31 CKJIaJHOK MOP(]OIIOTIELO.

BumiproBanHs ynapHoi B’a3KocTi 3a metogom Lllapmi npoBeneHo Ha 3pa3kax 3
V — nomiOHUM HaApi3oM MIiCHs CHIKaHHA Ta MICHs TepMOOOpOoOKH (BIAMYCK 3a
temrepatypu 500 °C, tBepaicts 40 — 45SHRC). Cepenni 3HaueHHS yJ1apHOi B SI3KOCTI
HABEJECHO Ha PUCYHKY 5.14.

BcranoBneHo He3HaAYHE MiABUIIECHHS YJApHOI B A3KOCTI 0€3MOocCepe/IHbO MicCIs
I (12,31 J{x/cM?), m1o moB’s3aH0 3i 3Ha4HO GiIBIIMM po3MipoM 3epeH. HaToMicTs,
HACTYIMHA TepMOOOpOOKa JO3BOJISIE ONTUMI3YBAaTH MIKPOCTPYKTYPY Ta JOCSITTH PIBHS

yaapHoi B si3kocTi — 19,9 JIx/cm?.

25 1
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1
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Viapua B'sI3KicTh, J[K/cM?
(9]

Catamold (micis  Catamold+ TO  Catamold + I'llT  Catamold+T' I+
CITIKaHH) TO

Pucynok 5.14 — I'ictorpama yaapHoi B’SI3KOCTI MaTepiaiy

Catamold 8740 B 3a1eXKHOCTI BiJI TapaMeTpiB 0OpoOKH

[IpoBenennst momatkoBoi 00poOku cmedenoro wmarepiamy Catamold8740
rapstauM 130CTaTUYHUM MPECYBAHHIM 3HAYHO MIJBHUILYE 3HAYECHHS LIIIBHOCTI. [laHa

omepailisi NiABUIYE MEXaHI4YH1 BIIACTUBOCTI MaTeplainy, 30KpemMa yAapHy B'S3KICThb Y
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3 pa3u. Bapro Biamitutu, mo micias ['I1 Ha getansx He crocTepiraeTbesi MOMITHOL
nedopmMariii, MO0 JO3BOJISIE YCHINIHO BUKOPUCTOBYBATH IO OMEpaIliio s
BUTOTOBJICHHSI CKJIQJHMX J€Tajedl. 3HaYHOIO MEPEBArol0 LbOr0 METOAY € 3IaTHICTh
3aJIIKOBYBAaTH BHYTPIIIHI MIKPOIMYCTOTH 3a yMOBH, IO BOHM HE BUXOIATH Ha
30BHIIIHIO TOBepXHIO jgerani [63]. Jlo HemomikiB MOXHa BIJHECTH BapTICTh
oOnagHaHHS Ta WOro OOCIyroBYBaHHS, Ta HEOOXIAHICTh JAOJATKOBOTO PO3PAXYHKY

PO3MIPIB BUXITHUX BUIHBOK.

5.5 BucHOBKH 10 po3ainy 5

BcraHoBneHO, 10 HaAWBWINI 3HAYCHHS YJApHOi B’S3KOCTI (BHMIpSHOI 3a
meronom Illapmi 3 Haapizom) orpumani Ha 3pa3zkax PolyPOMS8740 crneuenux 3a
temnepatrypu 1340°C, nmpotarom 30 xB 31 mBUAKICTIO HarpiBanHs 5°C/xB.

Bcranorneno, mo marepian PolyPOM8740 Bigpi3HIETHCS OUIBIIOW yAAPHOIO
B’SI3KICTIO SIK TICJS CIIKaHHSA TakK 1 Micas TepMidyHOI OOpOoOKHM B TOPIBHSHHI 3
Catamold8740 3a paxyHOK OUIBII JUCHEPCHUX YACTUHOK BHXIJHOT'O IOPOIIKY,
O1TBIIOT MIITBHOCTI Ta XIMIYHOI OJHOPITHOCTI.

Bcranosneno, mo matepianu Catamold8740 ta PolyPOMS8740 matoTh CyTTEBY
Bapialiro TpaHUIl MIIHOCTI MICHS CIIKaHHS, [0 MOXe OyTH IIOB’S3aHO 3 PI3HUM
¢dazoBuM ckiazioM Ta po3MipoM 3epeH. [licis BupiBHIOBaHHS (Da30BOTO CKIIAy
IUISIXOM TepMI4HOi 00pOOKH, 3pa3Ku MarOTh OJTHAKOBI 3HAYCHHS TPAHUYHOI MIITHOCTI
sKa HE 3aJISKUTh B/l TyCTHHHU MaTepiamy.

Otpumani 3HA4YE€HHS MIIIHOCTI Ha PO3TAT TEPMOOOPOOIEHUX 3pa3KiB
MOpOoIKOBUX MaTepianis, orpumanux LJIII, 3naxonsatecs B mesxxax 1000 — 1100 MlIla,
132 CBOIM 3HaUYCHHAM HAOIMMXKaroThCs 10 KoBaHOi ctami 40X (1150 MIla).

BcranoBneno, mo momatkoBa 0OOpoOKa TrapsyiM 130CTATUYHUM TIPECYBaHHSIM
Cpusi€ TIIBUIICHHIO MIUTHHOCTI CIIEYEHUX MaTepialliB Ta yaapHoi B’s3kocti. [Ipote
HAsIBHICTh CTOPOHHIX BKITFOUCHB JIJISI CIICUEHUX MaTepiaiiB Oe3 onTuMizaliii mapaMeTpiB

CHIKaHHS HE JIO3BOJISIE OTPUMATH yIapHY B’ S3KICTh HA PiBHI KOBAHUX MaTepiaiB.
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BUCHOBKHA

1. JloBeneHo, M0 YaCTUHKM Jrarypu KpynHimi 3a 40-60 MKM NpU3BOAATH 10
IHTEeHCU (KLl JOKAIbHO-HEOJHOPITHOTO YIILTBbHEHHS 1 (POPMYBAHHIO KPYITHUX HOP Mij
Yac CIIKaHHS MPECOBKU 13 CyMIllll MOPOIIKIB 3adi3a Ta YAaCTHUHOK JIraTypu, U0 1 €
MPUYMHOIO P13KOr0 3MEHIIEHHS yIapHO1 B 3KOCTI CIIEYEHOT CTall.

2. Bcranoeneno mexaHi3M (hOpMyBaHHSI KpPYNMHUX TOp B MPOLEC CIIKaHHS
NPECOBOK 13 CyMIllll MOPOMIKIB 3ali3a Ta JIrarypu, 10 JO3BOJWIO CHOpMYIIIOBATU
BUMOTH IO CIIBBIIHOIIEHHIO TUCIIEPCHOCTI MOPOIIKIB JITaTypy Ta YACTUHOK MOPOIIKY
3ai3a 10 3MEHIIYIOTh HEraTUBHUU BIUTUB JIOKAJBHO-HEOTHOPITHOTO YIIUTPHEHHS 3a
PaxyHOK MIIBUIIEHHSI XIMIYHOT OJTHOPIHOCTI MMPECOBKU.

3. BcTaHOBIEHO B3a€EMO3B’S30K MDK CTYNEHEM Ta IIBHJKICTIO 00 €MHOTO Ta
JIOKaJbHO HEOJHOPITHOIO YIIUIBHEHHS TMPECOBKM 13 TMOPOIIKIB 3ajii3a 3 PO3MIpOM
qacTHHOK 5 MKM, 100 MKM Ta iX eKBIMOJSPHHUX CYMillleH, BEJTHUMHOIO 3IUIIKOBUX
Hanpy>keHb Ta oO0JacTel KOTepeHTHOro po3citoBaHHiI. B pamkax ¢izuyHOrO
EKCIIEPUMEHTY JIOBE/ICHO, 1[0 B MOPOIIKOBIMA MPECOBII 3aJUIIKOBI HANPYKEHHS TUM
OUTBIIT YuM OlTbIlIa MIBUAKICTH Ta CTYMiHH 00 ’€MHOTO YIIUJILHEHHS MPECOBKHU 1 YUM
MEHIIIE Peali3y€eThCs MPOIEC JTOKAITHHO HEOIHOPITHOTO YIIUIBHEHHS B MIKpO 00’€Max,
CTYIIIHb peatizailii sSIKOT0 KOPEIE 3 PO3MIpOM 00JIaCTe KOTEPEHTHOTO PO3CIFOBaHHS,
110 30UTBIITYIOTHCS TI0 Mipi 30UTBITICHHS IO MCIIEPCHOCT] TIOPOIIKIB IO CITIKAIOTHCS.

4. BcTaHOBIIEH! 3aKOHOMIPHOCTI 3MIHU BEJIMYMHHM HAIPYKEHb, 110 BUHUKAIOTh B
MIPECOBIII, IO CHIKAETHCS BHACIIAOK (Da30BOro mepexony aib(da 3aiza B TaMa i 4yac
HArpiBaHHA 1 B 3BOPOTHOMY HAIPSIMKY ITiJ] Yac 0XOJIoMKeHHs. [loBeneHo, 110 BennInHa
HaINpy»XeHb PO3TATYBAHHS Ta CTHCHEHHA B MaTepiajl YaCTHMHOK IMOPOIIKY NEPEBHUIIYE
MEXY TIACTUYHOCTI 1 CIprUurHsA€e POpMyBaHHS CXOAMHOK MPOKOB3YBAaHHS JTUCIOKAITIH,
110 BUSIBIITFOTBCSL PACTPOBOIO €TICKTPOHHOIO MIKPOCKOTIEIO.

5. BcraHoBneHO, IO BEJIMYMHA HAIpPY>KEHb B MOPOILIKOBIA MPECOBLI Mia Yac
CHIKaHHS THM OLTbINA, YAM MEHIITUN CepeIHIA PO3MIp MOPOIIKY 1 MIITHIII 3B’ SI3KH MiX

YaCTUHKaMH MOPOUIKY. [HIIMMK CIOBaMH, HAIlPy>KEHHS B MPECOBI1 THUM OUIbIII YUM
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OLTbILIA MIIHICT MK YACTUHHOTO KOHTAKTY 3a 3yCHLJISl PO3TATYBaHHS , IO OOYMOBJIEHI
JIOKaJIbHO HEOJAHOPITHUM YIIUIBHEHHSAM B MIKpPO 00’ €Max.

6. BcTtaHoBieHO, 1110 MEXaHIYHA MILHICTh CIICYEHUX CTaJIed Micis TepMOOOPOOKH
MPAKTUYHO HE 3aJICKUTH B BEJIMUMHU IIUILHOCTI, SIKa 3HAYHO 3MIHIOE MEXaHIYH1
XAPaKTEPUCTUKU MIIHOCTI, MPYXHOCTI Ta TPAHUYHOTO BUAOBKEHHS CTaled MICIs
CITIKaHHSI.

7. B po0oTi Brepiie BCTAHOBJIECHO MOXKIIMBICTh MOKPAILIEHHS yIApHOI B’SI3KOCTI
HU3BKOJIETOBAaHUX IOPOIIKOBUX CTaJe OTPUMAHMX I1HXKEKIIHHUM (OPMYBaHHSIM 32
pPaxyHOK TEPMOIMKIIYHOTO CITIKaHHS B 30HI TeMIeparyp (ha30BoOro nepeTBOPEHHSI.

8. BcTaHOBIIEHO, 110 KUIBKICTh KPYIMHHUX IOp, 10 YTBOPIOIOTHCS B PE3yJIbTaTi
NPOIIeCy PO3YMHEHHS KOMITOHCHTIB YaCTUHOK TOPOIIIKY JIIraTypy B MaTepiajii YaCTHHOK
MOPOIIKY OCHOBH 3MCHIIYETHCS, a OJHOPIAHICT XIMIYHOTO CKJIaay OCHOBH
30UIBIIYETHCSI 1O Mipl 30UTBIICHHS IIBUAKOCTI HArpiBaHHS Ta YIIUIBHEHHS T 4ac
CITIKaHHSI.

9. lllnsixoM aHami3y BIUIMBY Yacy, TEMIIEPATypH Ta MIBUAKOCTI HATPIBaHHS ITi]] 4yac
CHIKaHHA BCTAHOBJICHO, 110 OCHOBHUM (DaKTOpOM, IO CTPUMYE DICT 3€pHa i Yac
CHIKaHHA € TPaHYJIOMETPUYHUHN CKJIaJ BUXITHOTO TOPOIIKY. UMM MeHIIUN po3Ku
YaCTUHOK MOPOIIKY 3ajli3a Ta JIraTyp, THM MEHIIE 30UIbIIYETHCS PO3MIP 3€PEH ITiJT Yac
CHIKaHHS.

PexoMeH0BaHO IS TIABHUIIICHHS OJTHOPITHOCTI MIKPOCTPYKTYPH CIIEUEHOI CTaIi
3aCTOCOBYBAaTH MOHOJIUCIIEPCHI MOPOIIKHA SIK HAHOUIBIIT JOCTYIMHHH y BUPOOHHIITBI
cnoci®é JOCATHEHHS JpiOHO3EPHUCTOI CTPYKTypH MaTepialy TMicis CIIKaHHS Ta
MIIBUILEHUX MEXAHIYHHX BJIACTHUBOCTEHM, OCKUIBKH AO3BOJISIE 30UIBIINTH INBHAKICTD 1
TeMIIepaTypy HarpiBaHHs 1 OTPUMATH OLTBII BUCOKY HIUTBHICTH Ta TOCKOHAIICTH TPAHHIIh
3€pEH CIEeUeHOro Marepiany.

10. BcranoBieHO, 1110 301TbIIEHHS Yacy BUTPUMKH 1MOHAT 30 XB 32 MAKCUMaJTbHIX
temmeparyp ciikanas 1340°C cynmpoBODKYETBCS 3MIHOO PO3IOILTY TTOP 33 PO3MipamMu:
KUTBKICTh MEHIIIUX TIOP 3MEHIIYETHCS, B TOM Yac sIK pO3Mip OUTBIITNX 3pOCTAE 1 IPH IHOMY

3arajibHa MOPUCTICTh HE 3MIHIOETHCS. JloBeIeHO, 10 BiA0OYBAETHCS MPOIIEC KOATECIICHTIIT
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Mop, SIKUM TAJIbMY€E YCaJKy TIOPUCTOrO MaTepialy Ha 3aBepIlajbHOMY €Tarli CIiKaHHS 1
30UIBIIIEHHS Yacy CHIKAHHS € HEJOULILHUM .

11. BcranoBneHo, 110 30UIBIIECHHS IIBUAKOCTI HArpiBaHHS MPU3BOIUTH [0
(dopmyBaHHsl OUIbII APIOHUX MOp OKpyrioi ¢opmu B Matepiami PolyPOMS8740, na
BiqMiny Big Catamold8740, 1mo cBiIUMTH NP0 MPOTIKAHHS CIiKaHHSA 3a Judy31HHO
B’SI3KMM MEXaH13MOM, IIBHUJIKICTh SIKOT'O 3HAYHO OUIBIIIA Y TPECOBOK 3 MEHIITUM PO3MIPOM
YaCTUHOK MOPOIIKY, SIKi ()OPMYIOTh T'paHUIIl 3€pEeH, a TOUHIIIE PO3Tay>KE€HY CITKY
TPaHUIlb 3€PEH, NUISIXOM 3€PHOIPAHUYHOIO MEPEHECEHHsI MacH 1 3a0e3MeuyroTh MEHIII
PO3MIpH TPIIMHONOAIOHMX JeeKTiB. 3alpONOHOBAHO HA MPAKTUII BUKOPHUCTOBYBATH
MOPOIIKA 3 CEepelHIM pO3MIpOM YaCTWHOK MEHIIUM 3a PO3Mip YaCTHHOK CILIaBy
Catamold8740 ta OuIbII By3bKUM PO3MOLIIOM 32 PO3MIpaMu YaCTUHOK MOPOIIIKY 3aii3a
He OuTpIM 3a crutaB PolyPOMS8740.

12. MIKpOCTpYKTYpHUMH JIOCIIJDKEHHSIMHU TIOBEPXHI 3JIaMiB TICIA yJIapHUX
BUMPOOyBaHb BCTAHOBJICHO, 1110 OCHOBHA MPUYMHA HU3bKO1 yaapHoi B s3kocTi (10-15%
Bl yiapHoi B’s13K0CTi npokataHoi crajii 40X) € HassBHICTh MMOPUCTOCTI Ta HEMETAJIEBUX
BKJIIOYEHb Ha TPAHUIIIX 3€peH. 3allpONOHOBAH] IUISIXH MiIBUIICHHS YIApHOI B’SI3KOCTI
CIICUEHUX CTaJiel JOIIMXTOBKOI BHUXIJIHOT CYyMIillll OUTBII JEHIEBUMH IOPOIIKAMHU
METaJIB Ta CIUIaBiB

13. Okpim KUTBKOCTI Ta PO3MIpIiB KOHIICHTPATOPIB, SKMMH BUCTYIAIOTh TPAHUIII
3epeH, HEeMETaJIeBl BKIIFOUEHHS Ta MOPH, ICHYE PI3HHUIIA Y BIACTHUBOCTSAX CaMOl MaTPHII
MeTany. 30UTBIIEHHS TIACTUYHOCTI B MIKPOOO’€Max CIIEUYEHOTO MaTepialy MOMIIHUBE
[IUITXOM JIETYBaHHS a00 MeXaHiYHOi 0OpOOKH- BCEOIYHOTO CTUCHEHHS B T1IPOCTATI YH
ra3ocrarti.

14. MeTogamu peHTTEHOCTPYKTYPHOTO aHaJli3y BCTAHOBIICHO, IO TICIIS CITIKaHHS
matepianiB Catamold8740 ta PolyPOMS8740 y credeHux cCTanmsix  yTBOPIOIOTHCS
3aJIMIITKOBI Makpo- 1 MikpoHampykenHs Ha piBai 1,4 I'Tla 1 0,7 I'Tla, BiamoBigHO.
PexomenoBaHI pexXUMH TEPMIdHOI OOpOOKH, SKi JTO3BOJISIIOTH 3MEHIITUTH 3AJIUIIKOBI
MakpoHanpysxkenss 10 150-200 MIla mis 060x marepiamis, a MikpoHanpyxerss 10 700-

840 MIla Ta <60 MIla g Catamold8740 ta PolyPOM®&740, BiamoBigHo.
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15. BcraHoBneHO, 110 KOHIIEHTPAIlis KPEMHIIO Y HEMETAJIEBUX BKIIFOUEHHSIX JIJIS
PolyPOM 8740 3nauno menma Hixk g Catamold8740 1 cknanmae Bin 3 mo 15% 1 70-
30% BIANOBIAHO, IO € HACIIKOM HEMOBHOT'O MPOTIKaHHS MPOLECY CIIaBOYTBOPEHHS 1
NPU3BOAUTH IO 3HIKEHHS BEJIMYMHM YAApHOI B’SI3KOCTI Ta TEPMIHY HAAIHHOrO
(YHKLIIOHYBaHHS JleTajlel CTpUIeIbKOi 30poi.

16. JloBeneHo, 1o asist nopoiikoBoro ciuiaBy Catamold8740 3poctanHs yaapHOi
B’SI3KOCTI MOXE JOCSTATUCS 3a PaXyHOK CHIKaHHS y CEpEeJOBHINl BOJHIO BHACIIIOK
3HMKEHHSIM BMICTY BYTJIELIO B 00’ €M1 Matepiainy. PekoMeHIyeThCs [is OonepeIKeHHs
3MEHIIICHHSI KOHIIEHTpALll BYIJICHI0 JIOIIMXTOBYBATH CYMIllll MOPOIIKIB JITaTypamu 3
MiIBULIEHUM BMICTOM BYTJIEI}0, 800 BBOJWTH YacCTHHKH 4yaByHy. OKpIM TOro Jyis
MIBUIIICHHS TBEPJOCTI TOPOIIKOBA CTallb MOXKE MiAaBaTHCS TEPMOXIMIUHIM 00poOITi

IUISIXOM HITPOIIEMEHTAllli, 3arapTOBYBaHHS Ta BIITYCKY.
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